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ABSTRACT 
DEVELOPMENT OF A MOLECULAR GENETIC LINKAGE MAP 
IN BRASSICA RAPA (SYN. CAMPESTRIS) L. 
FEBRUARY 1991 
ANGELA SCHILLING 
M.S., UNIVERSITY OF MASSACHUSETTS 
Directed by: Professor Robert Bernatzky 
A genetic linkage map of Brasslca rapa (syn. campestris) was 
constructed using restriction fragment length polymorphisms (RFLPs) as 
molecular markers. Markers were derived from a size-selected Pst I 
library and a seedling-specific cDNA library from B. napus. Clones of 
known gene families such as the Brassica-specific seed storage proteins 
cruciferin and napin, alcohol dehydrogenase and tu/A gene from 
Arabldopsls thallana, chlorophyl a/b-binding protein from Lycopersicon 
esculentum and the 45s ribosomal subunit from Pisum sativum were 
analyzed for their organization in B. rapa and usefulness as markers. An 
initial survey on the extent of RFLPs among subspecies and cultivars of 
B. rapa revealed that polymorphisms were highly abundant. Further 
examination for polymorphisms within two accessions indicated that 
within-accession variation can also be exceptionally high. Particular 
probe/enzyme combinations were able to discriminate even among 
individuals of one cultivar. Implications of these results on further 
molecular investigations on the species are discussed. The map was 
generated from segregation data of 60 Fj individuals from a cross 
between the oilseed cultivar 'Candle' and a rapid-cycling type. Linkage 
groups were constructed with 58 loci, covering potentially more than 
V 
700 cM. Multiple loci were detected with the majority of probes and 
homologous loci were unlinked and dispersed throughout the genome. This 
supported previous cytological evidences for genome duplications and 
subsequent rearrangements as important factors in Brassica evolution. 
Deviations from the expected segregation ratio were observed on five 
loci. Skewing of markers was recognized preferentially in favor of the 
parental genotype of 'Candle'. Additional Fj populations and a backcross 
were investigated for deviant segregation and linkage of these markers. 
Disturbed segregation was demonstrated to be reproducible on populations 
developed with the same pollination technique as the mapping population. 
Further experiments on a larger scale are suggested to elucidate 
disturbing effects, modes and sites of selection and the genetic 
function of selected and discarded alleles. 
vi 
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CHAPTER I 
INTRODUCTION 
A. The Species Brasslca rapa (svn, campestrls) L, 
The genus Brasslca [Brasslcaceae (syn. Cruclferae)] is comprised 
of several agronomically important crops, including rapeseed, cabbage, 
kale, turnip and mustard. Like other species in this genus, B. rapa 
(syn. campestrls) contains highly diverse forms that can be described as 
subspecies and varieties. There has been, and continues to be 
controversy about the nomenclature of species and subspecies within the 
genus Brasslca. Oost (1985) reviewed the development and the efforts 
that were made in the past to clarify the classification within the 
species B. rapa. Linnaeus first described B. rapa L. to indicate the 
turnip as a vegetable crop. He also described B. campestrls L. as a wild 
or weedy plant, which was distributed all over Europe. Since both 
species share the same number of haploid chromosomes (n=10), express 
interfertility and are hardly distinguishable on their floral parts, 
both species names have been used synonymously in the past. Metzger 
(1833) combined both species under B. rapa L. and the correct name is B. 
rapa L. emend. Metzg., whereas B. campestrls is a synonym. Oost (1985) 
also proposed a new infraspecific classification system for the numerous 
subspecies, varieties and even cultivars within the species B. rapa. 
The species is cultivated worldwide for use as oilseed, vegetable 
and fodder crop. Since the 1600's, B. rapa ssp. olelfera has been 
cultivated as turnip rape seed and Polish rape predominantly for oil 
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production (Salunkhe and Desai 1986). In India, separate types of the 
species have also been developed as oilseed crops, named 'Toria','Yellow 
and Brown Sarson'. The crop types are still important in India's oil 
production and as condiments. In Canada and later in the northern United 
States, rapeseed became a major cultivated crop in the early 1940's 
(Downey and Rakow 1987). Here, as in Europe, the term rapeseed also 
includes B, napus, another Brasslca oilseed. Both B. rapa and B. napus 
are basically grown in cool, moist and temperate regions, but breeding 
and crop improvement have increased their regional distribution to 
include more productive sites. The crop is able to compete economically 
with wheat and barley and is considered an acceptable alternative in 
crop rotation. B. rapa comprises winter and spring forms whereby the 
foinmer exhibits a vernalization requirement of about 40 days below 5 °C, 
effective in the seedling stage (Anderson and Olsson 1961, Williams 
1985). Especially in western Canada, Sweden and Finland, turnip rape is 
preferably cultivated because of its short growing season (less than 100 
days) and tolerance to spring frost. According to Downey and Rakow 
(1987) and Salunkhe and Desai (1986), the seed components range from 40 
to 44% oil in the dry-weight and 38 to 41% protein in the defatted meal 
plus 10 to 12% crude fiber. Brasslca oil supplies about 12% of 
commercially traded edible oils and ranks fourth worldwide in 
agricultural oil production (Williams and Hill 1986). The defatted meal 
is suitable as a protein-rich feed supplement for livestock and poultry 
or a valuable organic nitrogen fertilizer. The amino acid composition in 
the protein fraction is nutritionally equivalent to that of soybean 
meal. 
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Presumably, B. rapa is endemic to the highlands near the 
Mediterranean Sea (Nishi 1980). From there it spread east and westward. 
Through adaptation to different climates and also domestication and 
extensive cultivation, the species has been developed into a group of 
different vegetables mainly localized in China, Japan and southeast 
Asia. 
Sexual reproduction in B. rapa is controlled by sporophytic self¬ 
incompatibility (SI) at a single locus (S-locus) (Richards and Thurling 
1973). Several alleles of the S-locus genetically control pollen 
germination and tube growth (de Nettancourt 1977). Briefly, if the same 
allele is present in the pollen and stigma, pollen grains will be 
inhibited from germination or growing pollen tubes will be hindered from 
penetrating the stigmatic surface. Under natural conditions, this system 
is very efficient in preventing self-fertilization and reducing 
inbreeding. Cross-hybridization and pollen transfer is effectively 
conducted by insects, especially honey-bees {Aphis mellifera). Therefore 
the species exhibits a high level of heterozygosity and populations are 
in general heterogeneous (Downey and Rakow 1987). There are also 
exceptions to SI. B. rapa 'Yellow Sarson' and some rapid-cycling types 
are considered to be self-compatible (SC) (Downey and Rakow 1987, 
Williams 1985). SI is able to be overcome by exposing flowers for short¬ 
term to high temperatures (Okazaki and Hinata 1987) or elevated COj 
concentrations (Nakanishi and Hinata 1973). Breeders also often use bud- 
pollination to self or specifically cross-hybridize plants. The 
inhibition mechanism effecting SI is not yet active in the bud stage. 
Flower buds are receptive to self- or cross-pollination up to three days 
prior to anthesis. 
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Crop improvement programs are mainly determined by the species 
reproduction system. Oilseed improvement in B. rapa was traditionally 
done by mass selection and population improvement to form cultivars. 
Recently, recurrent selection and back-crossing techniques have been 
successfully applied in most cultivar development programs (Downey and 
Rakow 1987). There have also been attempts to use autopolyploids to 
increase yields. Satisfactory results have been achieved in Sweden for 
some vegetable types, especially turnip, and in Germany on fodder crop 
types (tetraploid cultivar *Perko’). Turnip rapeseed polyploids 
(especially tetraploids) failed to produce increased yields (Olsson and 
Ellerstrom 1980). They expressed fertility disturbances and were 
inferior to common diploid types. Recently, tissue culture techniques, 
such as haploid production through anther and microspore culture, have 
been proposed as powerful tools in developing rapidly homozygous lines 
for hybrid seed production (Keller et al. 1975). The efficient and 
successful results obtained in S. napus have not been obtained with B, 
rapa (Lichter 1981). 
Crop improvement programs in crucifers, especially in oilseed 
Brasslca ssp., have focused mainly on increasing seed yield, oil and 
protein content as well as lowering glucosinulates. Since many of those 
goals have been achieved to a reasonable extent, Brasslca crops have 
been cultivated more intensively and, as a result, multiple disease 
problems have evolved. The fungal pathogen Leptosphaeria maculans 
(Desm.) Ces & de Not. and its imperfect stage Phoma llngam (Tode ex 
Fr.), causing blackleg and stem canker, is considered to be the most 
severe and persistent disease problem in oilseed production (McGee and 
Petrie 1978). Disease infection can occur throughout the vegetation 
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period by means of asexually produced pycnidiospores and also sexually 
produced ascospores. Following infection, the pathogen destroys the host 
tissue and especially girdles the stem. Crop loss is then caused by 
lodging and premature ripening. Fungicide applications are not 
particularly successful or economical because multiple applications are 
necessary, to manage the disease. Therefore, the search for genes 
conferring resistance and their incorporation into cultivated varieties 
has become a major breeding objective (Downey and Rakow 1987). 
The genus Brassica and its relationship within Brassicaceae have 
been studied intensively since the early 1920s by cytogeneticists and 
geneticists. Based on chromosome number and interspecific 
hybridizations, Morinoga (1934) and U (1935) postulated close 
relationships between the six major important Brassica species. This 
became known as the 'Triangle of U’ where B. rapa (syn, campestris) 
(/3=10), B. nigra (/J=8) and B. oleracea (n=9) are the basic diploid 
species. Morinoga already had assigned their haploid genome by letters 
a, b and c, respectively. From interspecific hybridization between these 
diploids, the allotetraploids B. juncea (n=18, genome ab), B. carinata 
(n=17, be) and B. napus (n=19, ac) have evolved. Proceeding on U’s 
Triangle, cytogeneticists have been interested in the mode of 
phylogenetic evolution, particularly the development of the diploid 
species and events of interspecific hybridization. Roebbelen (1960) 
summarized early cytogenetic studies on meiotic chromosome pairing, 
especially secondary pairing events within and between species. Studying 
meiotic diploid species during pachytene and metaphase I and II, he 
recognized that, independent from the species, chromosomes were arranged 
as secondary bivalents and trivalents, grouped into six different 
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chromosome types. He supported the hypothesis that within the haploid 
Brasslca genome some chromosomes must be represented in two or three 
copies. He constructed genome composition for the diploid species by 
designating letters A to F for different chromosomes. The basic 
a-genome of B, rapa was described having chromosomes AABCDDEFFF, the 
b-genome of B. nigra ABCDDEFF, and the c-genome in B. oleracea would be 
composed of ABBCCDEEF. He concluded that the related diploid species 
must have evolved from a common ancestor having a basic chromosome 
number n = 6. Consequently, diploid species would be secondary 
polyploids, where some chromosomes have undergone autoduplication. 
Elucidating the evolutionary steps in the amphidiploids' development in 
the genus Brasslca, Heyn (1977) investigated the occurrence of unreduced 
gametes in crosses between species of the same and of different ploidy 
level. He stated good crossability of B. napus (aacc) as the female and 
B. rapa (aa) as the male parent, most likely due to the one genome (a) 
common in both parents. This was also true for other interspecific cross 
combinations containing one comparable genome in common. Combining B, 
napus (aacc) and B. nigra (bb) resulted in triploids reflecting a genome 
constitution acbb. Thus, the B. nigra line was found to produce 
unreduced pollen in high frequency. He recognized an array of giant 
pollen grains suggesting the presence of unreduced gametes. It seems 
that the mechanism of interspecific hybridization, including the 
formation of unreduced gametes, has contributed significantly to the 
formation of fertile polyploids and must have played an important role 
Brasslca evolution. U*s hypothesis has been confirmed in several 
studies which focused on seed protein serology (Vaughan 1977) and 
isozymes (Quiros et al. 1985). Further investigation on chloroplast DNA 
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evolution by Palmer and co-workers (1983) and Erickson et al. (1983) 
have revealed directions of interspecific hybridization and clarified 
the cytoplasmic origin of the alloploid species. This methodology has 
been already improved and simplified by Kemble (1987) and has been used 
for assaying the cytoplasmic origin in the allotetraploid species. 
Recently, studies on genome evolution, investigating diversity in 
ribosomal DNA (Quiros et al. 1987) and total genomic DNA (Song et al. 
1988a,b), have contributed to a refined understanding of genome 
relationships within Brasslca, Song and co-workers (1988a) determined 
taxonomic relationships within the genus Brasslca, based on restriction 
fragment length polymorphisms (RFLPs). Polymorphism is represented by 
DNA fragments of variable length that have been generated with 
restriction endonucleases. Variation in fragment length is due to gain 
or loss of specific recognition sites. Homologous DNA is radioactively 
labeled and used as a probe to detect fragments which show sequence 
similarities. 
Song and co-workers (1988a,b) developed a phylogenetic tree describing 
evolutionary pathways based on extensive DNA variation within and 
between species. Their results support the hypothesis of common origin 
for the diploid species. B, nigra most likely originated from an 
0Yolutionary pathway with Sinapis arvansis, where the latter represents 
a member of the closely related genus Sinapis within the tribe 
Brassiceae (Mizushima 1980). In contrast, the analysis suggested a 
common ancestor for B. rapa and B. olaracea. This was accomplished by 
demonstrating similarity of DNA fragment patterns between species. These 
advanced techniques in molecular genetics have become an additional 
powerful tool to study phylogenetic evolution. 
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B. Restriction Fragment Length Polymorphism - 
The Experimental Approach for Constructing a Genetic Linkage Map 
In the past 15 years recombinant DNA techniques have been 
developed especially in human genetics to facilitate linkage studies of 
genetic disorders associated with co-segregating DNA marker loci. This 
novel class of genetic markers are DNA fragments of variable length 
which are generated with restriction endonucleases and is therefore 
termed restriction fragment length polymorphism, or RFLP. Botstein et 
al. (1980) described the theoretical basis of this technique and its 
potential application for constructing a "true genetic map of DNA 
marker loci" by studying their linkage relationship in human pedigrees. 
RFLPs represent DNA sequence variation of homologous chromosome regions. 
DNA fragments are generated with restriction endonucleases type II that 
recognize a particular nucleic acid sequence of four, six or more 
nucleotide bases and cleave the DNA strand at that position or a site 
nearby (Zabeau and Roberts 1979). The resulting fragments are still 
double stranded. They are then separated by gel-electrophoresis 
according to their molecular size, and the DNA pattern is transferred 
(blotted) from the gel onto nitrocellulose or nylon membranes. This 
technique has been described in detail by Southern (1975) and Reed and 
Mann (1985), respectively, and is termed Southern blotting. Specific 
fragments are then detected (probed) through artificial DNA-DNA 
hybridization with radioactively-labeled, cloned genomic or 
complementary DNA (cDNA) that is derived from messenger RNA (mRNA). 
Unhybridized radioactivity or loosely-hybridized sequences are then 
washed off and the membrane is exposed to photographic film for 
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autoradiography. DNA fragments hybridized to the radioactive probe are 
visualized as bands on the film. Polymorphism in length of detected 
fragments results from the loss or gain of restriction sites or from a 
change in their position (Beckmann and Seller 1983). Thus restriction 
sites are inherited as Mendelian-like characters in a codominant manner 
(Botstein et al. 1980). This feature is very helpful in analyzing 
segregation of chromosome segments. These alleles, defined as variation 
in restriction sites or nucleotide sequence, are also expressed free 
from environmental or epistatic effects. These criteria had a major 
impact on using RFLPs as genetic markers for localizing specific genes 
and in the construction of genetic linkage maps. The potential 
application of RFLP analysis to other organisms were soon realized. Burr 
et al. (1983) and Tanksley (1983) introduced the technique to plant 
molecular genetics. They also proposed its relevance for crop 
improvement programs. Beckmann and Seller (1983) reviewed specifically 
the methodology for mapping and its cost and value for manifold breeding 
applications. Since that time, RFLP-based genetic studies have been 
performed for various applications and detailed molecular linkage maps 
have been constructed in several crops, including tomato (Bernatzky and 
Tanksley 1986a), lettuce (Landry et al. 1987), maize (Helentjaris 1987), 
pepper (Tanksley et al. 1988), potato (Bornierbale et al. 1988, Gebhardt 
et al. 1989), rice (McCouch et al. 1988), soybean (Apuya et al. 1988) 
and Arabldopsis (Chang et al. 1988). RFLP markers are also suitable 
tools in cultivar identification, screening resources and germplasm for 
desirable traits with linked markers, monitoring introgression from 
resource strains to cultivars, identifying and mapping of markers 
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associa'ted with quantitative trait loci (QTLs) and testing seed lots for 
contamination (Beckmann and Seller 1983, Tanksley 1983). 
In the past decade, research in RFLP technology and its 
application has demonstrated the technique as a new powerful tool in 
breeding. Several studies and reviews have discussed the various 
strategies developed for using RFLP markers in plant breeding 
(Helentjaris et al. 1985, Landry and Michelmore 1987, Tanksley et al. 
1989). Practical application of currently available maps have 
demonstrated their use for tagging genes for disease resistance and 
other agronomically important traits. In tomato, linkage has been found 
for a gene involved in resistance to tobacco mosaic virus (Young et al. 
1988). In lettuce, genes that confer resistance against downy mildew 
disease have been localized through RFLP linkage analysis (Hulbert et 
al. 1988). Theory and practical strategies for mapping and subsequently 
cloning disease-resistance genes has been extensively updated and 
promoted by Ellis and co-workers (1988). Another application of genetic 
markers in plant breeding has been the exploration of markers linked to 
genes responsible for quantitative traits. Paterson and colleagues 
(1988) succeeded in mapping QTLs controlling concentration of soluble 
solids, fruit mass and fruit pH in tomato. Melchinger (1990) summarized 
and compared the different approaches under various breeding conditions 
towards their efficiency in molecular marker—facilitated selection for 
disease resistance. 
Basically, RFLP linkage maps are constructed from three major DNA 
sources serving as molecular markers. DNA fragments have been isolated 
from several different plant species that actually code for genes of 
known function. Most of these identified and cloned genes are present 
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across diverse plant species because they code for basic proteins which 
are essential in key pathways. Alcohol dehydrogenase, chlorophyll a/b 
binding proteins, ribulose-1,5-bisphosphate carboxylase, and other 
proteins are common to a majority of plants. Because these DNA coding 
sequences tend to be conserved, they can be used as heterologous probes 
on species that are different from the species from which they were 
obtained. Moreover, gene organization, loci number, and gene evolution 
of these multigene families have been investigated in several plant 
species, including Lycoperslcon esculentum (Pichersky et al. 1985, 
Vallejos et al. 1986) and Pisum sativum (Polans et al. 1985). Meagher 
and coworkers (1989) have compared nucleotide sequences from 31 clones 
of the small subunit of ribulose-1,5-bisphosphate carboxylase that have 
been identified and isolated from 18 different plant species. This 
quantitative analysis on sequence variation and diversity was then used 
to calculate evolutionary distance among species. Gene lineage and 
secjuence development from lower to higher organized species was 
proposed. In studies on genome organization in Brassica, Quiros et al. 
(1987) utilized the ribosomal DNA (rDNA) gene as a marker for surveying 
chromosome addition lines that have been generated from B. oleracea and 
fl. rapa. Tremoiisaygue and coworkers (1988) employed the rDNA gene as a 
marker for assaying variability among rapeseed cultivars. The probe has 
been demonstrated to be useful in cultivar identification and also for 
monitoring introgression of chromosome segments from radish to rapeseed. 
Unfortunately, the availability of this type of probe is 
insufficient to cover a genome completely with markers. Therefore, two 
additional sources of DNA markers are random and/or specifically 
selected DNA fragments that have been isolated and cloned directly from 
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the species under investigation. In general there are two different 
types of DNA libraries: 1) random genomic DNA libraries are developed 
from restriction enzyme-cleaved DNA; and 2) cDNA libraries are 
constructed by reverse transcription of isolated mRNA. These DNA 
fragments are then inserted into a vector system such as a plasmid. 
Lambda phage, or a cosmid, and transfected into a bacterial host 
(selected Escherichia coll strains). Various molecular cloning 
procedures and protocols are described in detail by Sambrook et al. 
(1989). The nuclear chromosomes of most eukaryotes carry considerable 
amounts of repeated DNA sequences which are distributed over the entire 
genome. The proportion of repetitive DNA is assumed to be correlated 
with the overall genome size (Flavell 1980). To obtain cloned DNA 
fragments that are useful as single locus probes, the genomic library 
has to be screened for cloned single copy or low repeated sequences. 
Effective screening procedures for repeated sequences that employ total 
genomic DNA (nuclear and organellar DNA) have been described by Landry 
and Michelmore (1985) and Tanksley et al. (1987). 
In order to develop a useful mapping population, parental plant 
material has to be selected for a maximum degree of polymorphism. This 
can be determined from DNA isolated from potential parents that has been 
digested with several restriction enzymes and probed with a labeled 
clone of choice. If the degree of polymorphism is low within a species, 
as in tomato (Bernatzky and Tanksley 1986a), it is advisable to select 
parents from different species within the genus. Following hybridization 
of parents, an F, progeny is allowed to self and form a segregating Fj 
population. The F^ hybrid can also be backcrossed to one parent. The 
resulting backcross population (BC) is then used to monitor marker 
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segregation. Subsequently, DNA from individual Fj or BC plants is 
isolated, digested and probed with clones able to detect segregating 
fragments inherited from the parents. Scoring of allelic fragments in 
the BC generation might be simpler because there are only two genotype 
classes (1:1 expected segregation ratio), but Fj population data will 
provide relatively more information on recombination events of both 
gametes under consideration (Allard 1956). Finally, segregation analysis 
is conducted to determine recombination frequencies of gene loci. Their 
map distances in centiMorgans can be calculated using proposed mapping 
functions (Kosambi 1944). Co-segregating loci, showing linkage, are 
arranged in linkage groups which then compose the linkage map. 
In the genus Brassica, comprehensive molecular genetic linkage 
maps for the various crop species are not available yet. Mapping 
projects for the major important diploid species B. oleracea and B. rapa 
and for the allotetraploid species B. napus are in process (Landry, 
personal communication). Investigations by Song et al. (1988a,b, 1990) 
and a intensive survey of Figdore et al. (1988) were undertaken to 
observe the genus' utility in employing RFLP analysis. They were able to 
detect high levels of polymorphism among and within species using common 
^©s'trj_ction enzymes and cloned DNA fragments of random genomic libraries 
from B, rapa ssp. pekinensis and B. oleracea ssp. capltata as marker 
probes. These results indicate that the technique can be successfully 
applied for genetic studies in this genus. A detailed RFLP map has been 
generated for B. oleracea by Slocum and co~workers (1990) which is 
exclusively composed of random genomic markers (O Brien 1990). 
The current study has been undertaken to initiate the construction 
of a molecular genetic linkage map in B. rapa using a wide variety of 
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RFLP sources as genome markers. A detailed linkage map for this diploid 
species with an estimated genome size of 0.6 picograms (Williams and 
1986), will provide insights into genome organization and 
evolution, especially, if known genes are included as markers. Besides 
selected clones from a genomic Pst I library, Brassica-specific cDNA 
clones (Harada et al. 1988), isolated from B. napus, were investigated. 
In addition, linkage analysis of the storage protein genes cruciferin 
and napin, which are common in Brassicaceae, (Crouch et al. 1983), 
allowed a preliminary comparison of the organization of these genes in 
related species. In general, the linkage map has supplied a genetic 
framework of markers for further investigation on linkage to desired 
trait loci. Its application in Brasslca breeding programs requires that 
markers will be spaced throughout the entire genome in order to marker- 
assist selection and bracketing of QTLs and disease resistance genes. 
Employed markers used as breeding tools will circumvent the time- 
consuming screening procedures and may enhance selection and crop 
improvement significantly, as indicated in several reviews (Tanksley 
1983, Landry and Michelmore 1987, Melchinger 1990). 
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CHAPTER II 
MATERIALS AND METHODS 
All chemicals were purchased from Sigma Chemical Company unless 
otherwise noted. 
A. Plant Material 
Eighteen different accessions of B, rapa ssp. representing most of 
the various subspecies and morphotypes were used to investigate 
restriction fragment length polymorphisms (RFLPs) within the species. 
Table 2.1 lists the accessions and their sources. 
Plants were raised to maturity under greenhouse conditions with 
minimum temperatures of 24 to 27 °C in the day and 18 “C during the 
night. After plant material had been harvested once, plants were 
transferred to a cooler greenhouse with minimum temperature of 12/16 “C 
(night/day). For spring and summer months, temperatures during the day 
varied according to outside conditions. In order to promote early 
flowering, seedlings were exposed to long-day conditions (16/8 hours 
light/dark per 24-hour cycle) under fluorescent light for three to five 
days after cotyledons had expanded. 
Hybridization among accessions was conducted by bud-pollination as 
described in the Crucifer Genetics Cooperative (CrGC) Resource Manual 
(Williams 1985). In order to self-pollinate flowers in the bud stage, 
buds were opened with sterile forceps to reach the stigma and 
emasculation was omitted. For the self—compatible (SC) accessions BA 4 
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BA 1 Rapid-cycling B. rapa CrGC# 1-2 CrGC 
BA 2 Rapid-cycling B. rapa CrGC# 1-3 CrGC 
BA 3 Rapid-cycling B, rapa CrGC# 1-6 CrGC 
BA 4 Rapid-cycling S. rapa CrGC# 1-8 CrGC 
BA 5 Rapid-cycling B. rapa CrGC# 1-9 CrGC 
BA 6 Rapid-cycling B. rapa CrGC# 1-19 CrGC 
BA 8 Rapid-cycling B. rapa CrGC# 1-4 CrGC 
BA 9 chinensls 'Chinese Tsai Shim' Sakata 
BA 10 pekinensis 'Shaho Tsai' Sakata 
BA 11 utllis 'Hon Tsai Tai' Sakata 
BA 12 pekinensis 'Michihli' Park Seed 
BA 13 raplfera 'Tokyo Cross' Park Seed 
BA 14 pekinensis 'Pak Choi Joi Choi' Park Seed 
BA 15 pekinensis 'Green Rocket' Park Seed 
BA 16 raplfera 'Presto Turnip' Sakata 
BA 17 olelfera 'Candle' Landry 
BA 18 olelfera 'Tobin' Landry 
BA 24 campestrls 'Yellow Sarson' Hinata 
’crGC = Crucifer Genetics Cooperative, Wisconsin; 
Sakata = Sakata Seed Corp., Yokohama, Japan; 
Park Seed = Park Seed, South Carolina; 
Landry = B. Landry, Agriculture Canada; 
Hinata = K. Hinata, Japan. 
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and BA 5, whole inflorescences were bagged and frequently shaken to 
ensure pollination. Ripened seeds were harvested and dried for one to 
several days at 37 ®C. 
B. Pollen Viability Testing and Compatibility Reaction 
To confirm compatibility behavior among B. rapa accessions and to 
test pollen for storage capability, procedures described in the CrGC 
Resource Manual (Williams 1986) were followed. 
Fresh pollen of accession BA 4, 5, 9, 11, 17 and BA 18 were 
collected on bee-sticks (Williams and Hill 1986) and stored in the dark 
at 4 ®C under low humidity. After storage periods of three to five 
months, pollen was tested for their ability to achieve fertilization. 
Pollen from the bee-sticks were dusted on stigma surfaces of mature and 
emasculated flowers in the greenhouse. Pistils were bagged immediately 
to prevent pollen contamination. After 24 hours, pollinated flowers were 
removed and excised pistils were fixed in formalin—acetic—alcohol (FAA). 
Pollen germination and tube growth were observed by fluorescence 
staining with 0.1% aniline blue according to a protocol of Kho and Baer 
(1968). Aniline blue selectively stains callose (B-1,3 glucan) which is 
deposited in growing pollen tubes and also in pollen tube walls. The 
surrounding stylar tissue lacks callose and therefore only tubes 
fluoresce brightly. Pistils were examined under a Zeiss Standard 16F 
microscope equipped with fluorescence optics (blue light excitation). 
Prepared material was stored in moist atmosphere at 4 C for several 
days and then re-examined and photographed. 
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C. DNA Extraction 
Total plant DNA was extracted according to a modified protocol of 
Bernatzky and Tanksley (1986c). Two to three grams of leaf tissue were 
harvested from individual plants and frozen at -70 °C or processed 
immediately. Tissue samples were ground with an ice-cold mortar and 
pestle in 15 ml extraction buffer at 4 °C containing 0.35 M sorbitol, 
100 mM tris[hydroxymethyl]aminomethane (Tris-HCl), 5 mM ethylene- 
diamine-tetraacetic acid (EDTA) and 20 mM sodium metabisulfite at pH 
7.5. The homogenate was filtered through one layer of miracloth into a 
50 ml Falcon tube set up with 15 ml plant lysis buffer containing 200 mM 
Tris-HCl pH 8.0, 50 mM EDTA, 2 M sodium chloride (NaCl) and 2% 
hexadecyl-trimethyl-ammoniumbromide (CTAB) . Five ml of 5% N-lauroyl- 
sarcosine were then added. Tubes were gently mixed and incubated for 25 
minutes in a water bath set at 60 ®C, and the tubes were slowly inverted 
at five minutes intervals to mix the contents. The lysate was then 
extracted with 10 ml chloroform/isoamyl (24:1). Samples were spun for 10 
minutes in a top bench centrifuge (Damon/IEC HN SII) at 1,500 g to 
separate phases. A maximum of 30 ml from the top phase was pipetted off 
and transferred to a fresh 50 ml Falcon tube using a wide—bore 10 ml 
pipette in order to avoid shearing the DNA in solution. DNA was 
precipitated by adding 2/3 the volume of isopropanol. The reagents were 
gently mixed until the DNA became visible. The tubes were then spun 
briefly in the top bench centrifuge at highest speed. The supernatant 
was discarded and DNA pellets were rinsed twice with 70% ethanol. With a 
sealed and bent Pasteur pipette, used as a glas hook, pellets were 
transferred to 1.5 ml Eppendorf tubes containing 0.5 ml TE buffer (10 mM 
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Tris-HCl and 1 mM EDTA, pH 8.0) and the DNA was allowed to dissolve 
overnight in a 65 ®C water bath. The next day, tubes were spun for five 
minutes at 11,000 g in a Savant microcentrifuge to pellet undissolved 
components. 
Subsamples of two /j1 were removed and DNA was electrophoretically 
checked for quality and quantity against Lambda phage DNA standards on 
0.9% agarose gels in neutral electrophoresis buffer (IX NEB is 100 mM 
Tris-HCl, 25 mM EDTA and 12.5 mM sodium acetate, pH 8.1). 
D. Restriction Enzymes and Digestion 
Restriction enzymes Dra. I, Eco RI, Eco RV, Hind III, Pst I and Xba 
I were purchased from Bethesda Research Laboratories (BRL), 
Gaithersburg, Maryland and Promega Biotec, Madison, Wisconsin. One to 
two ^Jg of crude DNA per sample were enzymatically digested with 10 to 20 
units of enzyme for two hours to overnight at 37 C. After digestion was 
complete, one drop (7 to 10 /j1) of gel loading buffer containing 0.06% 
bromphenol blue, 20 mM EDTA, 70% glycerol, 0.5X NEB and 0.2% sodium- 
dodecyl sulfate (SDS) was added to the reaction prior to gel 
electrophoresis. 
E. Agarose Gel Electrophoresis and Southern Blotting 
Restriction fragments were separated by horizontal gel 
electrophoresis on 0.9% agarose gels in IX NEB at 0.85 to 1.3 V/cm for 
16 to 20 hours. The gel dimension routinely used was (20 x 30 x 0.6) 
cm^ Gels were stained with 150 /ig/1 ethidium bromide and photographed 
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on an ultra-violet (UV) light box Foto Prep I (Fotodyne Inc.) equipped 
with a Polaroid camera. 
Fragments were transferred to a solid matrix (Genescreen Plus, 
NEN) according to a "dry blot" procedure of Bernatzky and Tanksley 
(1986b) with minor modifications. After the acid treatment gels were 
denatured in 0.4N sodium hydroxide (NaOH) and the neutralizing step was 
omitted. Two sheets of 3MM paper (Whatman) and the membranes were soaked 
for five to ten minutes in 0.4N NaOH before assembling the transfer 
system. Transfer was conducted for a minimum of six hours or overnight. 
Membranes were washed twice in 0.3 M NaCl, 50 mM trisodium citrate (2X 
SSC) at pH 7.0 plus 0.1% SDS for 10 minutes each and then air-dried on 
filter paper. Remaining gels were stained again with ethidium bromide to 
check on complete transfer. 
F. Sources of Cloned Genes and Complementary DNA (cDNA) Clones 
Clones of known genes were obtained from different laboratories 
for the initial screening experiment of RFLPs among accessions and as a 
source of markers for mapping. Table 2.2 lists the clones, the species 
from which they were isolated, and their sources. Clones from a seedling 
specific cDNA library in B, napus were kindly provided by J. Harada, 
University California at Davis (Table 2.3). These clones have been 
characterized according to their temporal and spatial expression in 
germinating seedlings of B. napus by in situ hybridization techniques 
(Harada et al. 1988 and Dietrich et al. 1989). Clone pIL9 codes for 
isocitrate lyase (threo-D3-isocitrate glyoxylate-lyase) . The function of 
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Table 2.3 Characterized seedling cDNA clones 
from Brasslca napus ' 
Clone Insert size 











’ Source: J. Harada, University of California, Davis, 
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G. Genomic Library Construction 
Total genomic DNA of accession BA 17 was isolated according to the 
DNA isolation procedure described in section C. Thirty to forty—five lug 
of crude plant DNA were cleaved for two hours with 300 units of Pst I 
(BRL). Fragments were gel-electrophoresed on 0.9% agarose in IX NEB for 
four hours. Lambda DNA fragments from a Hind III digest were separated 
on lanes adjacent to the plant samples to aid in fragment size 
alignment. Gel pieces containing Pst I fragments that approximated one 
to three kilo base pairs (Kb) in size were cut out and soaked for ten 
minutes in 20 mM Tris-HCl pH 8.0, 0.2 mM EDTA and 5 mM NaCl. Fragments 
were eluted from the gel pieces in an electroeluter (Model UEA, 
International Biotechnologies Inc., New Haven, Connecticut) following 
the supplier's protocols. Finally, DNA was precipitated with twice the 
volxime of 95% ethanol, rinsed twice with 70% ethanol, and dissolved in 
300 III TE. The recovered DNA concentration was estimated to be 15 ng per 
/il by comparing a subsample on a 0.9% agarose mini gel in 0.4X NEB to 
concentration standards of Lambda DNA. 
The plasmid vector pUC 18 (BRL) was chosen for the cloning 
procedure. Five jug of plasmid DNA was linearized by endonuclease 
cleavage at a unicjue cutting site with 50 units Pst I. Plasmid fragments 
were treated with 500 units bacterial alkaline phosphatase (BAP), to 
dephosphorylate 5' terminal nucleotides according to standard protocols 
(Sambrook et al. 1989). 
The ligation reaction was set up with 200 ng of BAP-treated 
plasmid DNA, 100 ng size selected Pst I plant DNA fragments in a total 
volume of 20 pi reaction including two units of T4 DNA ligase (BRL) and 
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the appropriate reaction buffer mixture. The reaction proceeded for four 
hours at room temperature (23 to 26 °C) . 
The E. coll strain DH5a (BRL) was utilized to propagate plant DNA 
fragments ligated into the plasmid vector pUC 18. The host strain’s 
genotype provides a </)80dlacZAM15 marker with a-complementation of the fl- 
galactosidase gene from pUC 18. This allows the screening of bacterial 
colonies for successful transformants carrying recombinant plasmids by 
monitoring 8-galactosidase activity (Sambrook et al. 1989). Competent 
cells (prepared by BRL) in a volume of 100 ful were incubated on ice for 
20 minutes with 2 /j1 ligated plasmid DNA supplemented with B ful 1 H 
calcium chloride (CaClj) . Cells were heat-shocked in a water bath at 42 
°C for one minute and 1 ml liquid Luria-Bertini medium (LB), containing 
1% tryptone, 0.5% yeast extract (Difco) and 10 g/1 sodium chloride, was 
added. Liquid cultures were maintained for one hour at 37 °C to allow 
cells to recover. Petri plates of selective LB medium were prepared with 
100 mg/1 ampicillin and solidified with 15 g/1 bacto-agar (Difco). The 
medium surface was coated with 10 /j1 100 mM isopropylthio—B—galactoside 
(IPTG, BRL) and 50 /il of 2% 5-bromo-4-chloro-3-indolyl-/3-D-galactoside 
(X-gal, BRL) per plate prior to spreading 100 /il of the transformed cell 
suspension. Plates were incubated overnight at 37 C. Transformed 
bacteria forming white colonies were counted and transferred with 
sterile tooth picks to fresh LB plates. 
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H. Isolation of Plasmid DNA# Mini-Preparation and Large Scale 
Cultures 
Plasmid DNA from 500 individual clones were isolated following a 
preparation procedure by Wilimzig (1985). Approximately one ijg of 
plasmid DNA was digested with ten units Pst I (BRL) to completion, and 
fragments were separated on a 0.9% agarose gel in 0.4X NEB at IV/cm for 
three hours. Gels were stained with ethidium bromide, photographed under 
UV light and treated for Southern blotting as described above. These 
blots were used for screening the library for low and single copy 
clones. 
Large bacterial cultures were set up to prepare plasmid DNA stocks 
as well as bacterial glycerol stocks (Sambrook et al. 1989) of selected 
clones after the library had been screened. Competent cells were 
transformed with 50 to 100 ng individual plasmid DNA as described 
pj^0viously. A single colony was selected to inoculate 50 ml liguid LB 
medium supplemented with 100 mg/1 ampicillin. Cultures were grown to 
saturation at 37 °C and at 250 rpm. Plasmid DNA was isolated according 
to the preparation procedure by Wilimzig (1985), with the modifications 
that butfer and lysozyme volumes were increased. In each preparation, 
RNA was removed by adding 50 pg ribonuclease A (RNase) and incubatrng 
the samples at 37 °C for 15 minutes prior to ethanol precipitation of 
the plasmid DNA. DNA pellets were dissolved in one ml TE overnight in a 
water bath at 65 “c. 
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I.:_Preparation of Probes, Southern Hybridization and Autoradiography 
Inserted DNAs from selected clones were isolated according to a 
freeze-squeeze procedure described by Tautz and Renz (1983). As much as 
five /jg plasmid DNA were digested with 20 units Pst I (BRL) for several 
hours at 37 °C. Fragments were separated on 0.9% agarose gels in IX NEB 
at IV/cm for several hours and then stained briefly with ethidium 
bromide to locate the insert containing gel area. Excised gel pieces 
were treated according to the protocol and precipitated DNA was 
dissolved in 20 /l/1 TE at room temperature. Two fjl per sample was removed 
to quantify recovered DNA by agarose gel electrophoresis as described 
previously. 
Probes were radioactively labeled with dCTP(a-^^P) according to 
the random primers labeling technique Feinberg and Vogelstein 1983). 
About 50 to 100 ng insert DNA and 75 ng random primers (Promega Biotec) 
in 15 fil TE were denatured at 100 for five minutes and then 
immediately cooled on ice. A reaction mixture containing IX random 
primers buffer (Sambrook et al. 1989) prepared as lOX stock [0.9 M 
Hepes, 0.1 M magnesium chloride (MgC12), 20 mM DL-dithiotheitol (DTT)], 
the nucleotides 2'-deoxyadenosine 5'-triphosphate (dATP), 2’- 
deoxyguanosine 5•-triphosphate (dGTP) and 2’-deoxythymidine 5'- 
triphosphate (dTTP) at 20 /jM respectively, three units large (Klenow) 
fragment of DNA polymerase I (BRL), and 50 to 100 ^CL dCTP(a-""P) (NEN, 
DuPont) were added to a final volume of 50 fil. The reaction was 
incubated at room temperature (23 to 26 “C) for one to four hours and 
terminated with one drop (5 (/I) stop buffer containing 50 mM EDTA, 1% 
SDS, 40 pg/ml bromphenol blue stock and 20 mg/ml blue dextran. The 
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reaction mixture was passed over a small Sephadex G50—80 column prepared 
in a 1 ml syringe to separate the probe from unincorporated dCTP(a-^^P), 
An aliquot representing 1% of the collected fraction was removed for 
counting in a Beckman SL 100 liquid scintillation counter. Probes were 
labeled to specific activities of 10® to 10® cpm//jg template DNA. 
Prehybridization and Southern hybridization was conducted as 
described by Bernatzky and Tanksley (1986b), with minor modifications. 
Membranes were wetted in four to five ml hybridization buffer (5X SSC, 
0.6% SDS, 50 mM sodium phosphate pH 7.2, 5X Denhardt's solution, 2.5 mM 
EDTA and 100 /ig/ml denatured salmon sperm DNA) per 100 cm^ membrane 
area. Five percent dextran sulfate was included in all hybridizations. 
Prehybridization was conducted in an air bath incubator at 68 °C for one 
to two hours. Radiolabeled probes were denatured for five to ten minutes 
at 100 °C and added to the prehybridization mixture to a final activity 
of approximately 10® cpm/ml. Hybridization was continued for 12 to 16 
hours at 68 °C without shaking. 
Membranes were washed to medium stringency at 65 ®C for 15 minutes 
each in 2X SSC, IX SSC, 0.5X SSC including 0.1% SDS, respectively and 
exposed to XAR-5 x-ray film (Kodak) with Cronex Lightening Plus 
intensifier screens (DuPont) at -70 °C. Exposure time to obtain readable 
signals was usually one to five days and varied according to probe 
source and activity and the number of times filters were used before. 
Probes were stripped off the filters with O.IX SSC and O.IX SDS at 
80 °C for ten minutes with shaking. This washing was repeated once and 
filters were air-dried prior to storage or rehybridization. 
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J♦ Genomic Library Screening Procedures 
The library was screened for mitochondrial (mt) and chloroplast 
(cp) DNA sequences with organelle-specific probes. Purified cpDNA from 
radish was kindly provided by Chris Makaroff, Miami University, Oxford, 
Ohio. Crude mtDNA was isolated from accession BA 17 leaf and petiole 
tissue following a modified procedure of Kolodner and Tewari (1972). 
Thirty-five grams of freshly harvested plant material were processed in 
six equal portions. Tissue samples were homogenized with an ice-cold 
mortar and pestle using 25 ml extraction buffer each as described before 
in section C. All samples were combined in a 500 ml polypropylene bottle 
with additional 50 ml extraction buffer. The homogenate was spun for 15 
minutes at 4 “C and 1,000 g in a Sorval centrifuge. The supernatant was 
transferred to a fresh tube and spun again at 13,000 g for twenty 
minutes at 4 ®C. The supernatant was discarded, and the remaining pellet 
v^a.s resuspended in 20 ml DNAse buffer (10 mM Tris—HCl pH 8.0, 10 mM 
MgClj, 100 mM NaCl). The suspension was supplemented with 10 mg 
deoxyribonuclease (DNase) at a concentration of 150,000 units/mg and 
incubated on ice for 45 minutes. Following this 20 ml extraction buffer 
was added and the mixture was spun for 20 minutes at 13,000 g. The 
superantant was discarded and the pellet was rinsed in extraction buffer 
prior to resuspension in 30 ml extraction buffer and centifugation as 
before. Finally, the pellet was resuspended in 10 ml fresh extraction 
buffer with 1.3 ml 3 M sodium acetate and 2 ml of 5% N-lauroyl-sarcosine 
was added. The tube content was gently mixed and incubated in a water 
bath at 60 °C for 15 minutes. Steps to isolate and precipitate mtDNA 
were the same as described for the total genomic DNA extraction 
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(section C. ) • The mtDNA pellet was dissolved in 100 /il TE and DNA 
concentration was quantified on a 0.9% agarose gel in 0.4X NEB as 
described before. 
Radiolabeled probes were prepared from 50 to 80 ng mt and cpDNA, 
separately according to the random primers labeling method described 
before. Probes were labeled to a specific activity of 10^ cpm/fjg and 
hybridized to membranes carrying plasmid-insert DNA under standard 
conditions (section I.). Filters were washed to medium stringency at 65 
®C for 15 minutes once in 2X SSC, 0.1% SDS, twice in IX SSC, 0.1% SDS 
and finally in 0.5X SSC and 0.1% SDS. Exposure time of membranes to x- 
ray film was sufficient after several hours to one day. 
Nuclear repetitive sequences were identified and screened from the 
library by hybridizing the clones with total genomic DNA. Genomic DNA of 
accession BA 17 was partially degraded with dilution series of bovine 
pancreas extracted DNase (150,000 units/mg) to determine the enzyme to 
DNA concentration required to generate randomly distributed fragment 
sizes. The degree of degradation was monitored by separating DNA 
fragments through agarose gel electrophoresis. Fragments of optimal size 
obtained with 500 ng genomic DNA incubated on rce for 30 mrnutes rn 
the presence of 5 ng DNase. 
A total of 300 ng nicked DNA was radiolabeled with dCTP(a-^^P) to 
a specific activity of 10^ to 10° cpm/^/g, according to the random 
primers labeling method (Feinberg and Vogelstein 1983). Hybridization, 
filter washing, and autoradiography were performed as described earlier 
for the organellar probes. 
Hybridization signals of probes to cloned fragments allowed the 
classification of clones into organelle and repeated sequences which are 
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not useful as nuclear markers. Clones showing no or very weak signals 
are potentially single or low copy sequences (Tanksley et al. 1987). 
K. Selection of Probe/Enzvme Combinations for Mapping 
When accession BA 4 and BA 17 had been selected as parents to 
constitute the Fj mapping population, DNAs of both accessions were 
surveyed for informative or most polymorphic RFLPs detected with low and 
single copy genomic clones from the library. In order to determine the 
most suitable restriction enzyme, one to two fug of DNA per parent were 
digested with Dr a I, Eco RI, Eco RV, Hind III, Pst I and Xba I, 
separately under the conditions described before. Restriction fragment 
were separated by agarose gel electrophoresis and Southern blots were 
prepared according to standard procedures (section E.). Low or single 
copy clones were selected from the genomic library and prepared as 
radiolabeled probes (section I.). Membranes (survey filters) were 
hybridized with individual genomic probes and hybridizations, filter 
washing and autoradiography were carried out as described above. 
Resulting restriction patterns, detected with the selected clones, were 
scored for fragment number observed (complexity) and for informative 
enzymes which revealed most polymorphic fragments. 
L. Linkage Analysis 
RFLP data obtained from the segregating Fj mapping population were 
analyzed using the computer program LINKAGE-1 by Suiter et al. (1983). 
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The data base was established from RFLP genotypes on 
autoradiograms of sixty individual Fj progeny including the parents and 
F, hybrid. At each segregating locus, represented by allelic restriction 
fragments, individuals were scored for showing either homozygous 
parental genotypes or the intermediate heterozygote. This data matrix 
was entered into the LINKAGE—1 program and goodness—of—fit to the 
expected segregation ratio was tested for each single locus by 
analysis. Independent assortment for all possible segregating loci pairs 
was tested with contingency analysis. The significance threshold was 
set at p = 0.05. Recombination fractions (r) and their standard errors 
(e) were calculated in the LINKAGE-1 program using Allard’s maximum- 
likelihood equations (Allard 1956). Linear order of loci was inferred 
from arranging the two-point linkage groups according to their estimated 
additive recombination values (Strickberger 1985). Linked loci which 




A. Observations on the Plant Material 
1» Hybridizations and Population Performance 
Plants of S. rapa accessions BA 4 and BA 17 (the former is a SC 
rapid-cycling type and the latter is a SI commercial oilseed cultivar) 
were selected to serve as parents for the mapping population. Single 
plants of BA 4 were inbred for three generations by bagging the 
inflorescence or self-pollinating flowers in the bud stage. Abundant 
seed set was achieved to a similar extent with both pollination 
techniques, and it appeared that self-compatibility system remained 
stable over several consecutive generations of inbreeding. About 10 
seedlings were raised from each selfed offspring generation, mainly to 
obtain plant material for DNA extractions. Visual comparisons of 
phenotypic characteristics among these inbred plants indicated that 
these plants suffered from inbreeding depression. An array of different 
distorted phenotypes were expressed, such as dwarfs or plants showing 
floral and leaf anomalities. Most often these distorted plants did not 
pj^oduce seeds or died prematurely. On accession BA 17 it was attempted 
to self single plants through bud pollination. One selfed generation 
(S^) was achieved and offspring plants resembled the parent plant in 
most phenotypic characters, but plants were slightly smaller in size. 
Selfing S, plants by bud pollination was not successful. A few days 
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after pollinating emasculated flowers, these pistils did not develop 
further and abscised. 
Growth of BA 17 plants was extremely influenced by the 
environmental conditions in the greenhouse. Plants which were grown from 
the seedling stage until maturity in cooler temperatures (minimum 12/16 
C at night/day) during the fall and winter period remained longer in a 
vegetative stage. These plants produced larger leaves, thicker stems and 
were over all taller when compared to plants grown at the same time in a 
warmer environment (see Material and Methods section A.). Under the 
cooler conditions, approximately 12 weeks were needed until flowering 
began whereas approximately three to five weeks were required under the 
warmer conditions. 
The Fj populations were obtained by bud-pollinating BA 17 (S„) 
flowers as the female parent with BA 4 (S3) pollen. This cross was 
conducted in September 1989 and after four weeks hybrid seeds were 
harvested and four F, plants were raised to produce selfed Fj seeds, 
representing the segregating populations. One hybrid plant {F^-4) was 
transferred to a separate greenhouse prior to flowering and no 
additional pollen source was available which could have cross- 
contaminated the selfed seeds produced on this isolated F^. Flowering 
started on all four hybrids within 35 to 37 days after germination and 
individual inflorescence on F,-!, Fi-2, and F^-3 were either bagged or 
flowers on separate branches were bud-pollinated selfed. On hybrid F,-l 
separate flowers were also bud-pollinated with pollen from the BA 17 
parent to produce a backcross population (BC). Estimated by eye, seed 
set on these three hybrids was similarly high and with both pollination 
techniques fertilization and seed development was achieved easily. F2 
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seeds were harvested separately for each plant and per individual 
branch. Each Fj population consisted of approximately 50 to 100 seeds 
and the seeds harvested combined from the isolated Fi-4 yielded more 
than 1000 seeds. Strikingly, seeds from Fi-4 expressed a yellow or 
partly yellow and light-brown seed color which resembled the parental BA 
17 seed color phenotype. This was in contrast to a more uniform light- 
brown seed color observed on all F,, Fj, and BC seeds which resembled 
also the BA 4 phenotype. 
The backcross population and three different Fj populations which 
originated from the bud-pollinated F,-! and Fi-2 and from the naturally 
selfed Fi-4 were raised during Spring and Summer 1990. On individual 
plants, representing the mapping population (derived from F^-l), the 
begin of flowering was monitored and it varied between 30 and 48 days 
after germination. It was attempted to self Fj individuals and to form 
F3 families. Seed set among the 60 Fj individuals was very variable and 
on some plants it could not be achieved. Five plants developed no 
functional flowers with tiny buds that did burst open immaturely and 
showed irregular fused floral parts. 
The additional Fj populations were only examined by eye, and it 
was obvious that the two populations expressed general phenotypic 
differences. The Fj population from natural selfing started later to 
flower and these plants were taller and had stronger stems than the 
other Fj population originating from bud-pollination. 
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2. Pollen Viability Testing 
Fresh harvested pollen of accessions BA 4, BA 5, BA 9 and BA 17, 
BA 11, and BA 18 were stored under low humidity in the dark at 4 °C for 
18 and 12 weeks, respectively. Pollen of BA 18 was stored under the same 
conditions but without desiccation. Stigmas in flowers of BA 4 and BA 5 
were pollinated with stored pollen of the same source, respectively, to 
test for compatibility reactions on both self-compatible accessions. In 
both cases an array of adhesive pollen grains were visible at the stigma 
surface and pollen germination was abundant. In addition, pollen tubes 
were identified by an intensive fluorescent staining reaction of callose 
deposition, outlining the tubes' penetration and growth in the stylar 
transmitting tissue. This indicated that the stored pollen of both 
sources was viable and able to achieve fertilization in this compatible 
cross reaction. Transfer of fresh pollen within a flower to its stigma 
was conducted as a control on a self-incompatible (SI) accession (BA 
17). Replicated preparations of this control has shown either no pollen 
adhesion at the stigma surface or pollen grains were fixed to the 
surface and a lot of stigmatic callose was deposited in this 
incompatible reaction. Tissue interactions on different combinations of 
SI accessions (BA 9 and BA 11, BA 11 and BA 17, etc.) showed 
consistently that pollen from both storage periods was able to germinate 
and pollen tubes were growing in the stylar tissue towards the micropyle 
of the ovules. Figure 3.1 displays typical examples of observed 
pollen/stigma interactions. Pollen grains of BA 18 that had not been 
stored under low humidity were strll germinating on compatible stigmas 
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This suggested that the low humidity was probably an essential factor 
for conserving pollen viability in storage. 
This extended test method for examining pollen viability confirmed 
in addition the previous information on the compatibility reactions 
among accessions of the B. rapa collection. 
B. Restriction Fragment Length Polymorphism in Brassica raoa ssp. 
The initial screening experiment on the B. rapa collection was 
designed to describe variability, based on RFLPs, among subspecies and 
varieties. Results from this study suggested further investigations to 
determine the degree of RFLPs found within accessions. 
1. Polymorphism among Accessions 
Southern blots were prepared from DNAs of accessions BA 1 through 
BA 18, except BA 8 (Table 2.1). DNAs were digested with the enzymes Dra 
I and ECO RI, respectively, and each set of blots was hybridized with 
three different probes, prepared from clones pN2, p3B4, and At3012. 
Hybridization signals of napin related sequences, obtained with probe 
pN2, were abundant among all accessions and on both enzymes surveyed. 
Figure 3.2 demonstrates the high level of polymorphism among B. rapa 
types. Each accession expressed a unique restriction fragment (RF) 
pattern of Eco RI fragments that share variable homology to coding 
sequences of napin. Combined over all 17 accessions, the probe detected 
on RFs of this particular enzyme more than 40 different fragment sizes 
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A similar result was obtained on a Southern blot of Dra I fragments 
which were hybridized with the same probe. In general, estimated sizes 
of fragment on Dra I digests were smaller than those detected on Eco RI 
fragments. This might have been due to base differences in the 
recognition sequence of Dra I and Eco RI and it suggested that the 
sequence required for Dra I to cleave B. rapa DNA was possibly more 
frequent than Eco RI. 
The heterologous probe At3012 detected fewer fragments among all 
accessions. Polymorphisms were found particularly on Eco RI blots. RF 
profiles of accession BA 4, BA 10, and BA 12 showed similarities in 
their hybridization patterns. About 15 different fragment sizes of high 
molecular weight were estimated for all 17 samples on Eco RI blots and 
the number of bands per lane varied between three and six. For all 
accessions, polymorphism among Dra I fragments was barely detectable and 
mostly due to the small size of hybridizing fragments. 
The probe p3B4 revealed on both enzymes complex hybridization 
patterns to a similar extent as those observed with pN2. The number of 
unique fragments for all accessions and with both enzymes were difficult 
to count. Strong differences in signal intensities and also the 
resolution of signals in distinct bands limited the evaluation. Most 
likely the approximate number exceeds the estimate, drawn for pN2. 
In summary, all 17 different B, rapa accessions, surveyed for 
RFLPs, were found to be extremely variable. The extent of polymorphisms 
between accessions was mostly independent from any of the enzymes used. 
The source of probe possibly effected the complexity of RFLPs (different 
copy number of sequences detected by a given probe), but all probes were 
able to detect polymorphisms between any pair of accessions with a given 
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enzyme. There was no probe/enzyme combination that identified the two 
most polymorphic individual accessions. Nearly all accessions appeared 
to be diverse enough to provide informative RFLPs for a mapping 
population. Hence, it seemed that each accession pair could be selected 
as parents for a segregating Fj population. 
Napin (pN2) and Cab (p3B4) related sequences were detected with 
two different enzymes as multiple fragments on all examined accessions. 
This suggested that the B. rapa genome contains multiple loci for these 
genes and most likely the genes are present as multiple copies. In 
contrast, hybridization signals of Adh (At3012) related sequences show a 
simpler pattern among all accessions. The smaller number of RFs that 
were detected with both enzymes might indicate that this gene family is 
organized only within a few loci in B. rapa, 
2. Polymorphism within Accessions 
Six individuals of BA 4 and BA 17 were selected on a random basis 
and Southern blots (collection filters) were prepared from DNAs of each 
set with the enzymes Eco RI, Eco RV, Hind III and Xba I. Southern 
hybridizations were conducted with six different probes of variable 
source (genomic clones pBG7, pBG14, pBG20; cDNA clone pGS43; cloned 
genes coding for napin and Cab). A total of 16 probe/enzyme combinations 
were examined and analyzed for the BA 4 and BA 17 individuals. Figure 
3.3 displays examples of hybridization profiles which were obtained with 
two different probes (upper panel: pBG7; lower panel: pN2) on samples of 
both tested accessions. Restriction fragments from Eco RI and Eco RV 
digests of BA 17 individuals (upper panel) were highly polymorphic. On 
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Figure 3.3 Variability within accessions of B, rapa. 
Top panel: Eco RI and Eco RV restriction fragment profile 
obtained with probe pBG 7 on DNA samples of six individual 
BA 4 plants. 
Lower panel: Hybridization signals of napin (pN2) related 
sequences on six individuals of BA 4 (CrGC# 1-8) and BA 17 
(cv Candle). DNAs were digested with Eco RI. 
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each individual the probe pBG7 hybridized to multiple fragments of 
variable size. For exaunple, the number of distinct bands on Eco RV 
fragments varied between three and five and of those two fragments were 
in common for all six individuals. Hybridization profiles from this 
particular probe were unique in each lane, which means, the probe was 
actually capable of 'fingerprinting* individuals of BA 17. 
In contrast, Eco RI and Eco RV blots of BA 4 individuals which 
were probed with pBG20 showed less polymorphic RFs (figure not shown). 
This particular probe detected on Eco RI fragments of six individuals 
four unique hybridization patterns. The mean number of total fragments 
per lane was also remarkably smaller (1.5). 
Comparative hybridization profiles were obtained on blots of BA 4 
and BA 17 samples, carrying either Eco RI or Hind III fragments and were 
probed with pN2. The lower panel in Figure 3.3 displays RF patterns of 
each six individuals on Eco RI fragments. In general, polymorphism among 
individuals within accessions were as complex as those observed 
previously among accessions. The level of variation, found within each 
of the accessions was comparatively similar and overall abundant. Unique 
patterns for each of six BA 17 samples suggested here again, that 
individuals of this accession can be 'fingerprinted' by RFLPs with 
different types of probes. The analysis, including other probe/enzyme 
combinations is summarized in Table 3.1. With regard to additional types 
of DNA probes and variable complexity of polymorphisms that were 
detected with these probes, it was obvious that any probe/enzyme 
combination was equally informative in this survey. The roughly 
estimates of variation in both accessions, suggested that polymorphism 
is remarkably high for each, at the within accession level. Considering 
45 
Table 3.1 Number of unique patterns per six individuals 










pBG20 BA 4 4 0 0 1.5 2( + ) 
pBG7 BA 17 6 5.2 2 
pBG14 BA 4 6 6 4 5.3 1( + ) 
BA 17 3 4.2 
pGS43 BA 4 5/5 7.0 - 
BA 17 6 7.0 
p3B4 BA 4 5 13.7 7( + ) 
BA 17 5 11.9 
pN2 BA 4 5 5 11.8 3( + ) 
BA 17 6 6 14.0 
(+) indicates more loci are likely to be detected on different enzymes 
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the wide range of detectable fragments among individuals of one 
accession for a multiple copy or multilocus probe indicates that a high 
level of heterozygosity with multiple alleles is likely present in B, 
rapa accessions. 
C. The Linkage Map Construction 
1. Characterization of the Genomic Library 
The genomic library consisted of 500 cloned DNA fragments that had 
been size-selected from restriction enzyme-cleaved total genomic DNA of 
BA 17. The size of cloned fragments was estimated on agarose gels after 
plasmid-insert DNA of individual clones had been digested with Pst I. 
Insert sizes varied between approximately 300 base pairs (bp) and 2500 
bp. Only few clones contained larger inserts and exceeded the vector 
size of 2690 bp. 
A subset of the library, 240 clones, were screened for organelle 
(mt and cp) sequences. Hybridization signals on Southern blots were 
obtained with probes of cpDNA from radish and mtDNA from B. rapa. Among 
the 240 cloned fragments that were hybridized to both probes separately, 
a total of nine clones showed strong hybridization signals and were 
identified as organelle sequences. Based on this figure the percentage 
of clones carrying organelle DNA was estimated to account for 4% of the 
entire library. In order to discard clones of repeated secjuences, the 
library was screened with total genomic B. rapa DNA. Twenty-five clones 
were identified as presumably low or single copy sequences, since these 
fragments showed no or only very weak hybridization to the probe. The 
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majority of cloned fragments appeared to cross hybridize to some extent 
with this specific probe. Most signals were evenly grey and faint and 
inserts were positively identified when images on the autoradiogram were 
compared to photographs of each corresponding gel, prior to blotting. 
This suggested that either the Pst I approach for cloning single and low 
copy sequences or the screening technique and especially the type of 
probe was not effective enough to identify single or low copy sequences 
more clearly. However, inserts of the 25 selected clones were prepared 
as probes and hybridized to Southern blots of BA 4 and BA 17 DNA 
fragments, where each DNA source was digested separately with six 
different enzymes (survey filters). According to the hybridization 
patterns obtained with each individual probe, the clones were classified 
as single and low copy, multiple copy or repetitive and monomorphic 
clones. Ten cloned fragments were estimated to be single and low copy 
secjuences, since they hybridized to at most three polymorphic fragments 
per sample lane of a particular enzyme. Seven clones were classified as 
multiple copy sequences because more than three bands per accession lane 
for any enzyme were found. The remaining clones detected only 
monomorphic fragments and hybridization signals were so intense to 
assume, that these fragments represent highly repeated sequences. 
Suitable clones for mapping revealed polymorphisms abundantly for both 
accessions on the six different enzymes surveyed. For each clone at 
least one or two enzymes generated most polymorphic restriction 
fragments that were informative for mapping. Polymorphisms between BA 4 
and BA 17 were detected with nearly all genomic and cDNA clones on 
restriction fragments obtained with the enzymes Dra I, Eco RI, Eco RI 
and Hind III. 
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2. Description of the Linkage Map 
The linkage map was constructed from segregation data of 58 RFLP 
markers on 60 individual Fj progeny. Thirty-one different clones 
(15 genomic clones, 9 cDNA clones and 7 clones of genes of known 
function are listed in Table 2.2, 2.3 and 3.2) accounted for 58 RFLP 
loci. Fifty-two loci were linked on 12 independent linkage groups and 
six loci did not show any linkage to any other markers. Genetic 
distances between loci were estimated from recombination values and 
varied for all mapped loci between 0 and 25 centiMorgans (cM). The total 
map length, summed over all distances between the 52 loci, covered 352 
cM of the B. rapa genome with a mean distance of 6.8 cM between marker 
loci. In Figure 3.4 all independent linkage groups are represented by 
vertical lines and unlinked loci are listed below. The position of loci 
and their order are indicated on the right side and map distances 
between markers are shown on the left side. Loci were given names in 
italic type face, according to the clone that detected their allelic 
fragments and homologous loci are indicated by letters in alphabetic 
order. Linkage groups were numbered according to their total length and 
number of loci combined in one group. Therefore linkage groups were not 
equivalent to specific numbers of the ten haploid chromosomes in B. 
rapa. 
For most loci, segregation of allelic RFs were scored as 
codominant markers in a 1:2:1 genotype distribution. Loci BG4, BG14A, 
BG14B and BG23B were mapped based on one segregating fragment which 
compared to a 3:1 segregation ratio. 
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Figure 3.4 RFLP linkage map of B. rapa. 
Vertical lines denote the linkage groups and map distances 
between marker loci are indicated to the left in percent 
recombination (centiMorgan). 
Loci that mapped to the same linkage group position are 
separated with /. Loci with segregation ratios that deviated 
from the expected 1:2:1 ratio are indicated with 
* (0.05 < p < 0.02), ** (0.02 < p < 0.01). 
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Unlinked markers : AdhA, AdhB, CAS, BG1A, BG23A, BG24 
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Only a few cloned fragments mapped to single loci. Most clones 
detected two or more homologous loci which were unlinked for all 
investigated markers and were located on different linkage groups. In 
addition, most probes of genomic and cDNA clones detected monomorphic 
RFs for at least some enzymes. Since these fragments were in common for 
both parents, they were therefore observed in all offspring. This 
suggested that additional loci are likely to be detected with these 
clones. More enzymes would be necessary to detect polymorphisms for 
these fragments. Tables 3.2, 3.3, and 3.4 list all clones that mapped 
to loci and linkage groups on the map. For the more extended linkage 
groups 1 through 5 loci that were detected with probes from different 
types of clones were evenly distributed. There was no apparent linkage 
of specific types of clones in separate groups. 
On linkage groups 4, 9 and 10 pairs of loci mapped to the same 
position. Segregation data for each pair of loci was identical. In order 
to determine whether these clones are actually the same sequence and 
therefore map to loci at the same map position, or are truly different, 
cross hybridizations between clones were conducted. In each examined 
case no hybridization signal was observed to support the assumption that 
clone pairs were identical or share homologous sequences at a high 
level. For clones pCOT4 and pCOTBO, Harada et al. (1988) reported 
previously that these clones share some homology and were related but 
cross hybridization signals were not strong to the extent to suggest 
identity of these clones. Furthermore, in this study RF patterns 
detected by these clones on survey filters and also on blots of the 
segregating mapping population were different from each other. This 
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Table 3.2 Characterized genomic clones from the Pst I library. 
Loci detected and mapped on different enzymes 
to linkage groups in Brasslca rapa 
Clone Locus Enzyme Linkage group Additional Ic 
pBGl BGIA Dra I 
BGIB 6 
BGIC 2 
pBG4 BG4 Eco RI 1 + 
pBG5 BG5 ECO RV 4 + 
pBG7 BG7A Eco RI 2 + 
BG7B 6 
pBG9 BG9A Xba I 9 
BG9B 5 
BG9C Eco RI 3 
pBGlO BGIO Eco RV 3 + 
pBGll BGll Eco RI 5 + 
pBG12 BG12 Eco RI 10 + 
pBG14 BG14A Hind III 2 + 
BG14B 4 
pBG17 BG17A Eco RI 1 + 
BGl 7B 9 
BGl 7C 5 
pBG19 BGl 9 Xba 1 1 + 
pBG20 BG20A Eco RV 9 
BG20B 1 
pBG22 BG22 Eco RI 2 - 
pBG23 BG23A Eco RI * + 
BG23B 4 
pBG24 BG24 Eco RV * + 
* indicates unlinked loci 
^ + indicates that additional or non-polymorphic fragments 
are observed but not scored which might represent more loci 
- indicates that with the enzymes employed all fragments 
are scored as segregating alleles 
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Table 3.3 Characterized cDNA clones from Brassxca napus 
mapped to linkage groups in Brassica rapa 
Clone Locus Linkage group Additional 
pAX58 AX58A 4 + 
AX58B 11 
pCA8 CA8 * + 
pCA15 CA15A 2 + 
CA15B 10 
pCA25 CA25 6 + 
pCOTl COTIA 12 — 
COT IB 10 
pC0T4 C0T4 4 + 
pCOT49 COT49A 10 + 
COT49B 12 
pCOTSO COT50 4 
pIL9 IL9A 10 
IL9B 2 
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Table 3.4 Clones of known genes. 
Loci number identified and their linkage group 
assignment on the Brassica rapa linkage map 
Clone Locus Linkage group Additional 
fAt3012 AdhA * 
AdhB * 







pel CIA 1 + 
CIB 3 




pN2 N2A 8 + 
N2B 5 
N2C 2 
pHA2 R45S. 2 + 
sAt2105 CRAl 1 — 
CRA2 3 
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observation supported the assumption that sequence of both clones were 
different. 
3. Organization of Multiaene Families 
Segregation analysis of RFs containing homologous regions to 
coding sequences of known genes identified multiple loci and suggested 
that they are multigene families in the B. rapa genome. The linkage data 
characterized each multigene family for its loci number, linkage 
relationship among loci, map position and estimated copy number. The 
organization of all multigene families were relatively different from 
each other and therefore will be described separately. 
a. Alcohol dehydrogenase ^Adh^ t The heterologous probe At3012 from 
Arabldopsis thallana identified two independent loci on Xba I fragments 
and segregated in a simple hybridization pattern. Allelic RFs at both 
loci segregated as single bands. Percent recombination between AdhA and 
AdhB were estimated at 31% with a standard error of 0.054. Confirmation 
of linkage will require additional intervening markers. Tests for 
linkage against other markers could not place the two loci on any 
linkage group. Loose linkage was only detected for AdhB and BG5, AdhB 
and COT4, and AdhB and COT50 with percent recombination of 30%, 30%, and 
29% and standard errors of 0.052, 0.053 and 0.052, respectively. Most 
likely, loci AdhA and AdhB were located in regions of the B, rapa genome 
which were not covered by the present set of markers. Fragments that 
belonged to the A locus were of high molecular weight and the estimated 
fragment sizes measured approximately 12 and 18 Kb. The B locus was 
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represented by two allelic fragments of similar size (6.6 and 6.0 Kb). 
Hybridization signals at the A locus were slightly more intense than 
those observed at the B locus. In addition, segregation data for the B 
locus was confirmed on Hind III fragments as well, but RFs that 
presumably corresponded to the A locus, were not polymorphic with this 
enzyme. 
b. Cruciferin; Sequences related to cruciferin were detected with 
probe pCl (from B. napus) as a few polymorphic RFs on Eco RV. Single 
allelic fragments segregated on this particular enzyme in two 
independent loci {CIA, ClB). The probe also hybridized to additional RFs 
on several different enzymes that were examined, in search for more 
loci, but hybridization signals were either too faint or not polymorphic 
enough for scoring them reliably. This suggested that possibly a third 
locus was present in the B. rapa genome which might harbor more distant 
related sequences of the cruciferin multigene family. Based on 
hybridization patterns, obtained separately from segregating RFs of five 
different enzymes (Bra I, Eco RI, Eco RV, Hind III and Xba I), the copy 
number of cruciferin encoded genes at each locus were estimated. Signal 
intensity differences between fragments belonging to different loci 
allowed to distinguish between both loci, especially since fragments for 
each locus were not polymorphic on all enzymes. A minimum fragment size 
of approximately 4.0 Kb was found for the A locus on Eco RV RFs and an 
Xba I fragment that approximated 1.7 Kb for the B locus. From the 
literature (Simon et al. 1985) it was known that the cDNA clone pCl had 
an insert size of 1.6 Kb and that this fragment cross hybridized with 
cruciferin transcribed mRNA of 1.75 Kb. This suggested that the maximum 
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size for one copy of the coding sequence (gene) was 1.75 Kb. From this 
it was estimated that at most two copies of the gene reside at the A 
locus and at most one copy at the B locus in the B, rapa genome. 
In addition, clone sAt2105, coding for a cruciferin related seed 
storage protein in Arabidopsls thallana was prepared as probe to search 
for more members of this multigene family in the mapping population. 
Hybridization patterns obtained from survey filters and Eco RI and Eco 
RV RFs on blots of the segregating population showed strong similarities 
to those obtained on the same enzymes with probe pCl. In fact, the 
segregation analysis revealed that both probes detected the same loci 
and these map to identical linkage group positions. From the literature 
it was already known (Pang et al. 1988) that both cloned sequences, 
sAt2105 and pCl were of the same size (1.6 kb) and that they cross 
hybridizd. Furthermore, in this study it was demonstrated that for the 
B, rapa genome, both clones marked genetically identical loci. 
c. Napin; The probe pN2 revealed complex polymorphisms on Eco RI 
and Hind III RFs on blots of segregating Fj offspring. For both blots 
polymorphic RFs were co-segregating and suggested multiple fragments 
residing at one prominent locus {N2A). The array of detected fragments 
and their size distribution indicated, that the A locus contains 
multiple copies of napin-related sequences. In addition, other RFs were 
segregating independently and indicated two separate loci {N2B and N2C) . 
Figure 3.5 shows hybridization profiles of napin related sequences on 
each six individual Fj offspring, digested separately with Eco RI (left 
panel) and Hind III (right panel). The probe also detected RFs on both 
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Remaining hybridization signals were too faint to be scored as a 
complete data set for all offspring. Hence, more loci are likely to be 
detected on RFs of different enzymes, especially for those bands that 
were monomorphic on Eco RI or Hind III. Weak hybridization signals 
suggested that some detected fragments were more distantly related to 
the sequence of pN2. A cloned sequence of a more distant member of the 
napin multigene family would be needed to produce strong hybridization 
signals, due to higher homology between probe and hybridized sequences. 
TwO“point linkage analysis on the three homologous loci estimated no 
linkage among all possible pairs and each locus mapped to different 
linkage groups. Distribution of allelic RFs at the C locus deviated 
significantly from the expected 1:2:1 Mendelian ratio. This observation 
was consistent with earlier indications from certain genomic clones, 
that segregation of some specific markers was skewed in the mapping 
population. This will be described more in detail in a later section of 
this chapter. 
d. Chlorophvl a/b-bindina proteins (Cab): Hybridization profiles 
of Cab related sequences on Eco RI and Hind III RFs demonstrated similar 
complex polymorphisms like those observed with napin related sequences. 
The heterologous probe p3B4 from Lycopoirsicon GsculGn'tiini hybridized to 
multiple fragments of both enzymes and at least 12 loci and likely more 
were distinguished. DNA samples for all 60 Fj offspring DNAs, digested 
individually with the two enzymes, were separated well enough on agarose 
gels, to ensure that all hybridization signals for different fragment 
lengths could be resolved. Seven independent loci were assigned to 
different linkage groups and it appears that Cab loci are dispersed 
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throughout the entire B. rapa genome. At each single locus, segregating 
alleles were present as pairs of single fragments. In general, signal 
intensities, examined by eye, did not vary significantly among fragments 
of different loci and therefore the order in which loci were assigned, 
did not reflect any ranking. The overall size range of detected 
fragments were evenly distributed between approximately 20 Kb and 0.5 
Kb. In order to estimate copy number per locus more precisely and to 
discriminate aunong loci that contain different members of the Cab 
multigene family, a more extended survey with additional enzymes and 
clones of other Cab genes would be required. Five loci were not mapped, 
due to incomplete data, but the fragments were segregating independently 
of the previously mapped loci. For these particular loci, only one 
allele could be scored. The corresponding and allelic fragments were 
obviously missing or were combined in monomorphic fragments common to 
all offspring for the enzymes surveyed. 
e. Ribosomal DNA frPNA^; An initial survey on RFLPs detected by 
the rDNA clone pHA2 on the parental DNAs that had been digested with six 
different restriction enzymes (survey blots) showed polymorphic 
hybridization patterns for Dra 1 and Hind III RFs. The fragment size of 
polymorphic bands were estimated to range between 9.0 and 9.3 Kb, 
respectively which compared to the insert size of approximately 9.0 Kb 
of clone pHA2. On Eco RI fragments the hybridization patterns for both 
parental accessions were described by three monomorphic bands of 
approximately 3.0, 1.5, and 1 Kb and other RFs as weaker hybridization 
signals in the approximate size range of 4 and 6 Kb. Blots from Dra I 
digested Fj offspring were chosen for the segregation analysis. Single 
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allelic RFs at molecular weights of 9.0 and 9.3 Kb were segregating for 
one single locus. Test for linkage against all other loci placed the 
rDNA locus R45S at one end of linkage group 2 in close distance (4 cM) 
to locus N2B, It is possible that there is an additional locus, since 
the segregation of fragments that were monomorphic in both parents could 
not be determined. 
f. Tu-EF: The clone A103, coding for chloroplast protein synthesis 
elongation factor Tu-EF is a nuclear encoded gene sequence from A. 
thaliana. The probe detected polymorphic RFs of medium complexity on 
blots of Pst 1 digested Fj offspring DNAs. A total of eight individual 
bands were identified as hybridization signals on the F^ sample lane 
which segregated on the mapping population in four independent loci. 
Segregation data on these four independent loci were tested for linkage 
against all other markers and this placed all four loci on different 
linkage groups. Interestingly, three of the four tufA loci were linked 
to homologous Cab loci, detected by probe p3B4. This result pointed to 
apparent sequence duplications within the B. rapa genome and 
particularly for coding sequences. A similar observation had been made 
also with loci described by genomic markers. 
At any tufA locus, each parental allele was represented by a 
single RF and all detected fragments were larger than 5 Kb. Figure 3.6 
displays excimples for segregating RF on six individual Fj samples (right 
panel). The left panel shows a combined blot of parental and F^ Pst I 
fragments that were detected with this probe. Not all fragments that 
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Obviously, this excimple revealed again that different J3. rapa accessions 
were quite heterozygous at loci comprising a simpler gene family. 
4. Linkage Relations of Duplicated Loci 
Multiple loci detected by a single clone were a common 
observation for most examined clones. Moreover, multiple loci, referred 
to as homologous, loci were unlinked and distributed on different 
linkage groups. In addition, linkage arrangements of loci pairs on one 
particular linkage group were often found to be replicated by their 
homologous loci on a different linkage group. This characteristic was 
most prominent for the completely linked loci BG20A and BG17B, and COTIB 
and COT49A on linkage group 9 and 10, respectively. Duplications of 
these pairs of linked loci were arranged on linkage group 1 for BG20B 
and BG17A and on linkage group 12 for COTIA and COT49B. In both cases, 
recombination values between the linked loci were observed and placed 
BG20B and BG17A 11 cM and COTlA and COT49B 5 cM apart. Other 
duplications of homologous loci detected by genomic clones were apparent 
for BGl and BG7 loci and linkage was found on group 2 and group 6 with 
different map distances. Multiple loci, describing genome regions of 
coding sequences for Cab, cruciferin, napin and Tu-EF extended the 
picture of duplicated loci in fl. rapa even further. Table 3.5 lists the 
duplicated pairs that were most prominent and also their linkage group 
assignment.Linkage between Cab and tufA loci were found on three 
different linkage groups (2,3 and 7). Duplications of linked Cab and Cl 
loci were detected on group 1 and 3 and tufA and N2 loci on group 2 and 
8. Loci CA15A, IL9B and CabC were found as a duplicated group on linkage 
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Table 3.5 Duplicated loci mapped to different linkage groups 
Locus pair Distance Map position on 
in centiMorgan linkage group 
AX58A / CaJbD 22’ 4 
AX58B / CabE 5 11 
BGIB / BG7B 5 6 
BGIC / BG7A 11 2 
BG9A / BG17B 14 9 
BG9B / BG17C 17’ 5 
BG14A / CabC 8 2 
BG14B / CabD 5’ 4 
BG17A / BG20B 11 1 
BG17B / BG20A 
_2 9 
CIA / CabG 8 1 
CIB / CabF 27’ 3 
CA15A / IL9B 5 2 
CA15B / iL9A 6’ 10 
CabA / tufAA 18 7 
CabC / tufAC 14’ 2 
COTIA / COT49B 5 12 
COTIB / COT49A 
_2 10 
N2A / tufAD 15 8 
N2C / tufAC 8 2 
’ indicates that other loci are placed within the pair of loci 
^ indicates that both loci map to the same position 
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group 2 and 10 but additional loci were arranged between them {BG12, 
BG22 etc.). The linkage arrangement of homologous Cab and AX58 loci on 
group 11 and group 4 showed even more loci on group 4 that had been 
placed between the duplicated loci. 
D. Deviation from Mendelian Seareoation Frequencies 
1. Skewed Markers in the Mapping Population 
Five of the 58 loci analyzed on the Fj mapping population deviated 
significantly from the expected monogenic 1:2:1 ratio. Skewed 
segregation was exclusively in favor of the parental BA 17 alleles and 
the BA 4 alleles were deficient. Four of the five disturbed markers were 
linked and mapped to linkage group 5. Locus BG7A was placed separately 
on linkage group 2. Table 3.6 summarizes the collected data on deviating 
segregation of these five loci. Chi-square analysis (X^) indicated that 
skewing for loci which were combined on linkage group 5 deviated more 
severely from the expected segregation ratio than the data suggested for 
BG7A on linkage group 2. Each of the clones detected multiple loci, 
except for pBGll and the homologous loci segregated in the expected 
ratios, except for the skewed locus. Figure 3.7 shows segregating RFs 
that hybridized with clone pBG17. Three independent loci are assigned to 
segregating fragments and only the C locus shows extreme skewing towards 
the BA 17 allele. Only one Fj offspring (#18) among the 60 individuals 
tested, expressed the homozygous parental BA 4 genotype at the BG17C 
locus. 
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Table 3.6 Segregation ratios for loci deviating from expected 
Mendelian monogenic ratio (1:2:1) 
Locus Genotype’ 
BA 17 het BA 4 
(1:2:1) P Linkage 
group 
assignment 
N2B 25 27 6 12.72 0.002 5 
BG7A 20 33 7 6.23 0.044 2 
BG9B 26 29 5 14.77 0.001 5 
BGll 23 29 3 14.71 0.001 5 
BGl 7C 24 35 1 19.30 0.001 5 
’ Genotype assignment according to parental allele donation. BA 17 
stands for homozygous for cv Candle alleles, BA 4 is homozygous 
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2. Segregation of Skewed Markers on Additional Populations 
The same set of clones that detected loci with disturbed 
segregation frequencies was further investigated on additional 
populations, described in section A. of this chapter. Probes that had 
been prepared from clone pBG7, pBGll and pBG17 were hybridized 
separately to blots of Eco RI RFs of 35 backcross individuals and two 
different sets of 60 Fj offspring. Probe pBG9 was hybridized to blots of 
Xba 1 digested DNA samples of the same populations. For comparisons 
between populations these enzymes were employed because their RFs 
described skewed marker loci on the mapping population. Table 3.7 
summarizes the genotype frequencies observed for a common set of genomic 
markers on four different populations described in this section. 
a. Survey on a Backcross Population (BC); Segregation data for 
loci BG7A, BG9Bf BGll, and BG17C on the BC population suggested regular 
distribution on all tested markers. More data points were obtained from 
additional five homologous loci that could be scored for the clones 
tested. Genotypic ratios for these marker loci were consistent with the 
expected monogenic 1:1 ratio. Tests for linkage between a total of nine 
loci scored on BC, identified loci BG9B, BGll, and BG17C to be 
completely linked. Recombination values of zero were estimated for all 
three linkage pairs and this placed all three loci at the same linkage 
group position. Map distances for loci BG7A to BG9B, BGll and BG17C (14, 
21, and 21 cM) indicated that these loci are in closer proximity on 
linkage groups defined by the BC population, than they were found for 
those by the Fj mapping population. In contrast, genetic distances 
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Table 3.7 Genotype distributions of selected RFLP markers in a 
backcross (BC) population and three additional F2 populations 







BG7A BG9B BGll BG17C 
BC BA 17 1 13 12 16 16 
het 1 21 16 18 18 
1.88 0.57 0.12 0.12 
Fj (N) BA 17 1 11 15 7 8 
het 2 30 31 32 32 
BA 4 1 18 11 19 19 
1.68 1.00 5.59 4.53 ’ 
F2 (B,) BA 17 1 20 26 23 24 
het 2 33 29 29 35 
BA 4 1 7 5 3 1 
X^ 6.23 ** 
• • • 
14.77 
• « • 
14.71 19.30 
F2 (Bj) BA 17 1 15 18 
het 2 38 33 
BA 4 1 7 4 
X^ 6.40 “ 9.33 ** 
(N) indicates natural self-pollinated; 
(B) indicates bud self-pollinated; 
Significance level indicated with NS is not significant, 
* (0.05 < p < 0.10); ** (0.02 < p < 0.05) and *** p < 0.01; 
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between loci BG17B and BG9A were remarkably smaller (14 cM) on the 
linkage group of the mapping population. With the BC data a 
recombination value of 31 cM was estimated and this suggested that these 
loci were only loosely linked. Possibly the smaller number of tested BC 
offspring had some impact on the statistical proof for the presented 
results. 
b. Survey on an Fo Population from Natural Self-pollination: 
Allelic RFs for marker loci BG9B and BG7A segregated among the 60 tested 
Fj offspring according to the expected monogenic ratio. In contrast, RFs 
describing alleles of loci BGll and BG17C showed significant deviations. 
For both loci the BA 4 parental genotype was over-represented compared 
to the BA 17 genotype. Based on actual genotype frequencies and 
estimated probabilities, skewing at both loci seemed to be less severe 
than it was observed on segregation data of the mapping population. 
Tests for linkage among the three investigated loci BG9B, BGll, and 
BG17C detected linkage only for BGll and BG17C with an estimated 
recombination frequency of 11 %. On the mapping population a distance of 
10 cM was estimated for these two linked loci. Homologous loci detected 
by the same set of probes were difficult to score reliably, due to 
resolution problems of hybridization signals on the blots. In addition, 
different RFs were revealed on blots hybridized with the various probes 
from the original mapping population. This indicated that possibly the 
heterozygous parents contributed in the same cross different alleles at 
each single locus to different F, hybrids. Therefore this F, population 
was not genetically uniform and this accounted for the variation in 
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hybridization patterns observed among the segregating Fj and BC 
population. 
c. Survey on an Fn Population from Bud-pollinated Selfinat This 
additional Fj population was produced by selfing an F^ plant through bud 
pollination, but the hybrid plant, used for developing a segregating Fj 
population was different from that serving for the mapping population. 
Segregation analysis of marker loci on this particular population was 
hcimpered due to poor quantities and digestibility of individual DNA 
samples. However, segregation analysis on complete data sets for loci 
BG7A and BG17C showed that both loci were skewed in favor of the BA 17 
genotype as in the original mapping population. The extent of deviation 
from the expected genotypic distribution was comparable to that observed 
on the mapping population. This indicated that skewing effects worked on 
both populations (which were produced through the same pollination 
technique) in favor of the same genotypic allele. Homologous loci were 
scored on novel RFs detected by probe pBG7 and these described an 
additional locus BG7C. Tests for two-point linkage on the segregation 
data of the four loci BG7A, BG7B, BG7C, and BG17C detected no linkage 
between each possible pair. These results were consistent with the 





A. Restriction Fragment Length Polymorphism in Brasslca rapa 
Variability among B, rapa accessions was determined by means of 
RFLPs of nuclear DNAs. The high degree of polymorphism was described by 
RFs related to coding sequences of known genes and it was found to be 
abundant at the subspecies and cultivar level. Similar observations have 
been made previously by Figdore et al. (1988), using mainly random 
genomic DNA sequences to survey for RFLPs among the three major 
cultivated Brasslca species and their subspecies. An extensive study by 
Song and co-workers (1988a,b and 1990) on evolutionary relationship and 
origin of the diploid species in the genus Brasslca based on DNA 
variation considered specifically the diversity within subspecies of B. 
oleracea and B. rapa. They stated that polymorphisms are more abundant 
among subspecies of B. rapa than those found among the wide diversity of 
B. oleracea subspecies and that this high level of genetic diversity was 
due to a wider geographical distribution of the species. Through 
regional isolation, climatic adaptation and also domestication the 
species S. rapa diverged into extremely different morphotypes which is 
reflected in extended polymorphisms at the molecular level. 
Furthermore, in the presented study, RFLPs have been detected even 
within different accessions and varieties of B, rapa. It was 
demonstrated that even at this level polymorphisms were apparent to the 
extent that individuals of one accession were identified by a unique 
76 
fragment pattern. The degree of variation assigned within an accession, 
was independent from the type of DNA probe and also from the restriction 
enzyme employed. The extent of variability identified in B. rapa has 
been exceptional to any other plant species that have been investigated 
for RFLPs so far. Principal genetic mechanisms which would effect the 
array of variation at the DNA level have been proposed for several 
species through RFLP mapping. Comparable high levels of polymorphism 
have been found in maize (Helentjaris et al. 1985) where variation 
between inbred lines was attributed to perpetual transposon activity. In 
cultivated, diploid potato lines (Gebhardt et al. 1989) polymorphism 
were assumed to be associated with the high level of heterozygosity and 
diversity in the germplasm that had been maintained through vegetative 
propagation for this species. In sharp contrast, interspecific crosses 
were required among tomato species {Lycoperslcon sp.) to reveal 
polymorphisms that were suitable for linkage mapping (Bernatzky and 
Tanksley 1986a). The tomato cultivars lack prominent genetic diversity 
at the DNA level that could be detected with a reasonable number of 
different enzymes and probes. Mapping molecular markers on the rice 
genome (McCouch et al. 1988) revealed that polymorphism among rice 
varieties were to a small degree the result of deletion/insertion events 
indicated by null-alleles on a segregating Fj population. 
Studies on within-variety variation described by RFLPs have been 
scarce. McCouch et al. (1988) noticed variation of RF patterns within a 
inbred parental line which was used in the mapping experiment. Rice is a 
self-pollinator and natural outcrossing is estimated to occur at very 
low frequencies. Some heterozygosity might be carried on in such inbred 
lines which would be detected as allelic RFs. Among individuals of this 
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rice variety, hybridized with a genomic single copy probe only one of 
the two alternative alleles but not both in heterozygous condition for 
this locus was identified. This suggested that this rice cultivar was 
more likely a mixed inbred line and the polymorphism was not a result of 
an outcrossing event. 
In B, rapa, a sporophytic self-incompatibility system forces the 
species to be outbreeding (Downy and Rakow 1987). Hybridization among 
subspecies have been recognized in natural population and the wide 
diversity found at the species level probably reflects its breeding 
behavior. The feasibility of interspecific and intraspecific 
hybridizations among species within the genus Brassica and related 
genera have been used intensively in search for homeologous chromosomes 
(Mizushima 1980) that were remnants of common ancestor species. 
Moreover, in breeding programs this advantage has been utilized widely 
to develop new varieties. For instance, the oilseed B, rapa cultivar 
'Candle' has been formed through interspecific hybridization of 
different Brassica sp. (Falk pers. comm.). In Figure 4.1 the breeding 
pedigree for B, rapa cv Candle is outlined. This indicates that this 
cultivar forms a heterogenous B. rapa population. In addition, breeding 
seed standards for B. rapa oilseed cultivars are not as strict on 
uniformity and distinctiveness as for B. napus in order to maintain or 
even to improve the productivity of these outbreeding cultivars (Downey 
and Rakow 1987). Variation in RFLP patterns have been detected also in 
B. napus cv Hanna for napin related sequences (Sjddin and Glimelius 
1989). In this study, DNA rearrangements were expected to effect 
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regarded to be self-fertile to approximately 70%, a certain level of 
heterozygosity might account also for the detectable variability. 
Polymorphisms within the self-compatible accession BA 4 and the 
self-incompatible BA 17 ('Candle') were observed for both accessions at 
a similar high level. The difference in their breeding behavior appeared 
to have no major influence on the level of variability observed. 
Although BA 4 is self-compatible, it is likely too that significant 
outcrossing still occurs. Hence, the breeding history of each accession 
which constituted these heterogenous genomes are more likely to explain 
the apparent variability. But it remains unclear if that in addition to 
the constantly maintained heterozygosity and heterogenosity in B. rapa, 
other genetic mechanisms might also provide a continuous means for 
generating DNA variation. 
The apparent high level of variability found within B. rapa 
accessions has a tremendous significance for working with this material 
on the molecular level. Pooling plant material for DNA extractions, 
particularly within accessions will have an impact on the complexity of 
RF patterns detected with a probed sequence. To assess RFLPs for a 
selected accession, it will certainly provide more accurate information 
to investigate individuals than to simply pool the accession. For 
linkage studies based on RFLPs it would be important to maintain the 
parental material as a reference for proper donor allele assignment. It 
has been reported (Lander et al. 1987), that false assignment of 
parental alleles on RFLP data can influence the detection and estimate 
of linkage. Studies on rearrangement of DNA by means of RFLP analysis 
requires that specific RFLPs can be identified and positively traced. 
Therefore care has to be taken to exclude any other source of 
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polymorphism that could interfere with the analysis and lead to false 
interpretations, especially when comparable levels of variability are 
found as in B. rapa. 
B. The Linkage Map and Genome Organization 
The construction of a linkage map for B, rapa chromosomes has been 
initiated through segregation analysis of 58 RFLP markers. Linkage among 
52 loci was identified and those mapped to 12 independent linkage 
groups, spanning 352 cM of the B. rapa genome. Six loci did not show 
linkage to any other markers and remained unlinked. Assuming that 
markers at end points of a linkage group detected potentially additional 
10 cM (Bernatzky and Tanksley 1986a), available markers could span at 
least 360 cM further. Most likely the smaller linkage groups (number 5 
through 12 and unlinked markers) represent distal chromosome segments or 
part of chromosome arms of the 10 haploid chromosomes comprising the fl. 
rapa genome. As more markers are placed on the map, they will eventually 
connect smaller linkage groups with each other and/or extend to 
additional genome regions that have not been recognized with the initial 
marker set. For RFLP maps that have been saturated with an exhaustive 
number of markers (O’Brien 1990), the number of detected linkage groups 
will match the basic chromosome number present in the described species. 
Furthermore, in some species where classical morphological linkage maps 
were available, it was possible to combine molecular and classical sets 
of markers. This has been accomplished with phenotypic markers in tomato 
(Bernatzky and Tanksley 1986a), phenotypic and mutation marker in 
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Arabidopsls (Chang et al, 1988), and with trisomic analysis in rice 
(McCouch et al. 1988). 
The present linkage map in B, rapa is capable of detecting up to 
700 cM of genetic distance spanning the genome. In species with an 
estimated similar amount of nuclear DNA as B. rapa (0.6 to 0.7 pg) 
current saturated linkage maps in tomato (Tanksley et al. 1988), potato 
(Gebhardt et al. 1989) and rice (McCouch et al. 1988) have determined 
genome sizes about 1200, 700, and 1300 cM, respectively. An extensive 
linkage map in B, oleracea (Slocum et al. 1990), a close relative of B. 
rapa covered the genome in nine linkage groups which accounted for 820 
cM. In Arabidopsls classical and molecular maps have sized its 
relatively small genome to 501 cM of genetic distances (Chang et al. 
1988) with a more precisely estimated DNA amount of 0.2 pg (equivalent 
to approximately 7 x 10^ base pairs) (Meyerowitz and Pruitt 1985, 
Meyerowitz 1987). These figures can be regarded as an approximate range 
for the genetic genome size expected to be found on a saturated linkage 
map for B. rapa. 
Genomic DNA of higher plants is known to be substantially 
cytosine-methylated where the DNA methylation pattern has significant 
influences on DNA structure, gene regulation and expression (Doerfler 
1983). These difference in the biochemistry of plant DNA have been 
proposed to be useful for selecting and cloning single or low copy 
genomic sequences (Tanksley et al. 1987). In maize, it has been 
previously shown that repeated DNA is preferentially cytosine-methylated 
as opposed to single and low copy sequences. Using a methylation- 
sensitive restriction enzyme like Pst I for constructing genomic 
libraries, this has been confirmed in tomato (Tanksley at al. 1987) and 
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maize (Burr et al. 1988) that these libraries were enriched in single 
and low copy sequences. In the present study this strategy has been 
adopted since it was also known that Brasslca genomes contain 
substantial (15 - 37%) portions of satellite DNA (Beridze 1986), and 
characterized tandemly repeated sequences in B, rapa comprise 15% of its 
genome (Lakshmikumaran and Ranade 1990). While screening the library 
with total genomic DNA, it became clear that a large number of clones 
represented repeated sequences. This has raised the question if 
undermethylated repeated sequences are present in B. rapa. Similar 
conclusions were drawn from observations on a genomic Pst I library in 
rice (McCouch et al. 1988). This could indicate that methylation of DNA 
in various species does not express conserved patterns and more 
information is needed about the effects of DNA methylation in plant 
genomes. In contrast, similarly constructed genomic Pst I libraries in 
B. oleracea and B. rapa (Figdore et al. 1988) revealed that, after 
screening for clones containing repetitive DNA, relatively large 
portions of the libraries (87% in B. oleracea and 75% in B. rapa) 
consisted of low copy sequences. It remains unclear, if these 
controversial observations are due to differences in probe preparations 
or hybridization conditions between this and the present study. 
Various sources of DNA markers have been analyzed through linkage 
mapping to investigate the composition of known, coding and possibly 
non-coding sequences in B. rapa. All selected genomic clones detected 
multiple fragments with a variety of restriction enzymes that segregated 
in two or more independent loci. Genomic clones which were mapped to a 
single locus revealed additional fragments that could not be identified 
as co-segregating alleles or alleles representing separate loci. This 
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suggest:ed that additional loci may be detected with more effort on 
particular clones. In general^ homologous loci were unlinked and 
dispersed on different linkage groups. These findings revealed a general 
feature of DNA markers in the B. rapa genome, since most cDNA markers 
and loci detected by clones of known genes demonstrated a similar 
pattern of inheritance. Recently, mapping exclusively with genomic RFLP 
markers in B. oleracea (Slocum et al. 1990) provided comparable results 
that only a small portion of random genomic clones are single copy or 
single locus sequences. An exceptional case of exclusively single locus 
and presumably single copy genomic clones has been demonstrated with an 
RFLP map in Arabidopsls (Chang et al. 1988). Since this species has a 
particular small genome and has a low amount of repetitive DNA, large 
cloned fragments with an average size of 12.5 Kb were capable of 
detecting unique RFLPs. In the rice (McCouch et al. 1988) and tomato 
genome (Bernatzky and Tanksley 1986d) it appears that large portions are 
comprised of single copy sequences detected with both genomic and cDNA 
clones. These conclusions have been extended to other species within 
Solanaceae based on a common set of markers (Bornierbale et al. 1988). 
Furthermore, gene order on tomato and potato has been shown to be highly 
conserved, whereas in a comparison of tomato (as the standard) and 
pepper (Tanksley et al. 1988) gene repertoire appears to be conserved 
but gene order is highly rearranged. Although the basis for comparing 
nuclear genome organization between plant families is yet limited it 
could be speculated that at least for the Solanaceae and Brassicaceae 
distinct organization patterns (single loci versus multiple loci) are to 
some extent conserved within members of these families. It would be 
amenable to initiate interspecific comparisons within the genus Brassica 
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on the basis of a common set of markers (similar to that accomplished in 
Solanaceae) as more linkage maps are being developed for various species 
(Landry pers. com.). 
Characterized cDNA clones from B. napus seedlings detected in the 
B, rapa genome multiple loci and RF patterns varied remarkably in their 
complexity between different clones. At least two or more loci were 
detected for most of the investigated clones and the homologous loci 
were unlinked. Clones derived from mRNAs for which activities had been 
identified in specific seedling tissue (COT means cotyledon-abundant) 
seemed to identify loci in B. rapa that are clustered to some extent on 
various linkage groups. Clones representing sequences that were 
expressed abundantly in axis (AX) or balanced in axis and cotyledons 
(CA) detected loci that were dispersed on different linkage groups. 
Studying spatial and temporal expression of genes represented by these 
cDNA clones, Harada et al. (1988) proposed that particular cotyledon- 
abundant genes are coordinately regulated and that expression of 
batteries of these genes might be organized in a series of cascade 
events. In determining the temporal expression of COT and CA genes in B. 
napus it became clear that both types of gene are activated at distinct 
embryogenic stages. 
Linkage association of loci in B. rapa related to COT gene 
sequences is interesting to note. One could speculate that the 
arrangement of gene related sequences coding for enzymes of a particular 
pathway are located on chromosomes in close proximity and these could 
then be transcribed and translated in cascade events. However, it is 
impossible to infer from the present linkage data that related sequences 
of seedling specific genes in B. rapa are all functional and expressed. 
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More detailed investigations on sequence composition and coordinated 
gene expression would be necessary to elucidate significant 
correlations. 
Related sequences to the Brasslca specific genes encoding the seed 
storage proteins cruciferin and napin appeared to be organized in the B, 
rapa genome in a cjuite different manner. Although, segregating RFs 
identified two and three independent loci, respectively, copy number at 
particular loci were highly variable. An additional few loci are 
expected to be present for both gene families in B. rapa which might 
contain more distantly related sequences of diverged gene members. 
The cruciferin gene family, detected with pel was estimated to be 
comprised of at most three gene copies at two independent loci in B. 
rapa. Additional copies of the gene might reside at these or different 
loci but indication derived from weak hybridization signals suggested 
that these sequences have presumably diverged. 
In contrast, the napin multigene family appears to be clustered 
with multiple copies in one prominent locus. Only single copies were 
found at two additional loci. Prior to the segregation analysis, complex 
RFLP profiles of multiple fragments hybridizing with pN2 on Eco RI RFs 
indicated already that multiple copies are present in B. rapa. Since it 
has been shown that there are no Eco RI restriction sites within the 
isolated napin sequences (Josefsson et al. 1987), a possible correlation 
between copy number and over all fragment number could be drawn, except 
in the case that napin sequences in B. rapa would have undergone base 
pair alterations that could have created novel Eco RI restriction sites. 
The drastic differences in estimated copy number between both 
storage protein genes are curious, since cruciferin proteins constitute 
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60% of the mature seed protein content and only 20 to 40% are napin 
proteins (Crouch and Sussex 1981). This suggests that during seed 
formation the few cruciferin coding sequences must have a very high 
transcription and translation rate. However, the array of possible napin 
coding gene copies that were identified through RFLP analysis is not a 
definitive evidence that all gene copies are actively transcribed and 
processed. In addition to the one napin gene family member represented 
in clone pN2, other gene family members from B. napus have been 
characterized (Scofield and Crouch 1987, Josefsson et al. 1987, 
Braszczynski and Fallis 1990) and those share high levels of sequence 
homology. In these studies as much as 10 to more than 16 napin genes 
have been estimated for the S. napus genome, but it remained unclear how 
these gene copies are arranged. Since all characterized napin sequences 
were isolated from B. napus, the question arose if the different family 
members found in fl. napus were specifically derived from one of the 
diploid ancestor species. Investigations have been initiated (Josefsson 
et al. 1987) and so far one specific napin clone from B. napus has 
presumably originated from its B. oleracea donor. In the presented study 
it has been demonstrated that even in the diploid B. rapa more than 10 
gene-related copies are likely present. This could mean that for this 
multigene family copy number is conserved among the diploid and 
amphidiploid species. Assuming that both diploid ancestor species would 
have contributed through their haploid chromosomes all possible napin 
gene copies, the amphidiploid species should contain at least more 
copies than the diploid species. Since this is most likely not the case, 
reduction of copy number for the napin multigene family must have 
occurred during the divergence of B. napus into a separate species. 
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These assumptions on the evolution of the napin multigene fcimily within 
Brassica needs further investigation, particularly genetic mapping of 
napin related sequences in B. napus and B. oleracea. 
In Arabidopsls a cruciferin-like gene family has been 
characterized (Pang et al. 1988) which is comprised of four distinct 
members. Two members, represented by clone At2105 share extensive 
homology with pCl from B. napus. In the present study the cloned 
sequence of At2105 mapped to two independent loci in B. rapa and these 
are identical to those detected with pel. This indicated that homology 
between both clones was high enough to specify the Scime genomic regions 
in B. rapa. The cruciferin multigene family defined by these members 
appear conserved to a considerable extent among Arabidopsls and 
Brassica. In Arabidopsls, there are indications (Pang et al. 1988) that 
the other two cruciferin gene members (particularly the third one) have 
undergone a certain alteration in their nucleotide sequences. These more 
distant cruciferin gene members from Arabidopsls will be an interesting 
source for detecting distant gene members in B. rapa. In Arabidopsls 
At2105 mapped to one single locus (Chang et al. 1988), but copy number 
varied among different strains (Pang et al. 1988). In the ’Landsberg’ 
strain, two cruciferin genes were arranged in a tandem duplication, 
whereas only one copy was detected in the 'Columbia' strain. Tandem 
duplications of seed storage proteins (legumin) have been observed also 
in pea where one copy was identified as a pseudogene. Interestingly, the 
legumin-like proteins from diverse plants are very similar at the level 
of primary structure, number of subunits and amino acid composition. It 
has been shown that amino acid sequences of legumin and cruciferin can 
be aligned over most of their length but also long stretches of repeated 
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amino acid sequences for both proteins are unique to each (Simon et al. 
1985). It is of interest to note that the A locus of cruciferin related 
sequences in B. rapa may also contain two copies. 
Protein synthesis elongation factor Tu-EF is encoded by a single 
copy nuclear gene (tufA) in Arabidopsis (Baldauf and Palmer 1990). It 
has been proposed (Baldauf et al. 1990) that this nuclear gene in higher 
plants has originated from a chloroplast encoded gene found in some 
taxonomic classes of green algae. Since higher plants and also a close 
related green algae class lack the tufA gene in their chloroplasts but 
contain copies of it in their nuclear genome, it has been suggested that 
this gene has been transferred from the chloroplast to the nucleus. 
In B. rapa, four independent loci were detected with a tufA gene- 
related sequence from Arabidopsis and those are placed on different 
linkage groups. All loci were represented by single RFs and therefore 
may contain single copies of gene related sequences. Preliminary data 
from hybridization profiles of tufA related sequences on DNAs of various 
Brassica species (Baldauf at al. 1990) suggested that tufA is a 
multicopy gene family in Brassicaceae. In the present study, it has been 
demonstrated that for B. rapa tufA is a small gene family with most 
likely only four single copy gene members that are dispersed on 
different linkage groups. 
Alcohol dehydrogenase related sequences in B. rapa were detected 
with the Arabidopsis clone At3012 and were confined to two independent 
I 
loci. Both loci are unlinked from each other and from any other mapped 
marker. Segregating RFs at both loci show similar signal intensities, 
suggesting that both loci share the same number of possible gene copies. 
Presumably, a single copy resides at each locus and this resembles 
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strongly the organization of Adh genes in maize (Gerlach et al. 1982, 
Dennis et al. 1985). The presence of homologous but unlinked loci in 
maize is expected to owe its origin to gene duplication. Evidence from 
comparative amino acid and nucleotide sequence data on the two Adh genes 
in maize and the single Adh gene in Arabidopsis (Meyerowitz 1987) showed 
that the two maize genes are more closely related than either is to the 
Arabidopsis gene. It has been proposed that an ancestral gene existed at 
the time monocot and dicot species diverged and that this gene 
subsequently developed into separate lineages. Due to the fact that 
Arabidopsis and Brassica are dicots and are placed within the Cruciferae 
it could be expected that their Adh genes are more similar to each other 
than either copy is to those in maize. This assumption awaits further 
investigation particularly by isolation and sequencing Brassica Adh 
genes. The presence of duplicated and unlinked loci found in maize and 
B. rapa is interesting in that it might point to similar genetic 
mechanisms of genome evolution. In this regard, linkage data on 
sequences related to the chlorophyl a/b-binding protein genes in B. rapa 
elucidated additional evidences of gene duplication as an important 
mechanism in molecular evolution. 
The Cab multigene family is defined by a highly diverse group of 
proteins belonging to the two photosystems (PSI, PSII) reviewed in 
(Pichersky et al. 1989). Within each photosystem different types of 
polypeptides or pigment-binding proteins have been found. After the 
transcription of Cab genes, these polypeptides are synthesized in the 
cytosol and then imported into the chloroplast. Through post- 
translational processing the transit peptides are cleaved off and the 
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mature proteins are finally localized in the thylakoid membranes to form 
parts of the light-harvesting complexes (LHCI, LHCII). 
In the B. rapa genome 12 independent loci of Cab related sequences 
were detected with the heterologous probe p3B4 from tomato. Due to 
monomorphic RFs observed with two different enzymes, it is possibly that 
there are additional loci. More enzymes need to be investigated to 
detect polymorphisms for these fragments. Seven loci have been mapped to 
individual linkage groups and it appeared that Cab genes are dispersed 
throughout the B. rapa genome. There is apparently no clustering of loci 
on any linkage group and it is possible that each locus contains a 
single or only a few copies but definitely no arrays of copies. At 
almost every segregating locus only single RFs for each segregating 
allele were present. The organization of Cab genes in B, rapa, pictured 
with the linkage map, is in sharp contrast to what is known in several 
other plant species. In Arabidopsls, three genes have been identified as 
a highly condensed cluster with no interspersed introns (Leutwiler et 
al. 1986). All three genes are so closely related that they actually 
code for identical proteins. An additional fourth but distantly related 
gene is expected. In pea. Cab genes are also clustered in one locus and 
approximately eight coding sequences have been estimated (Polans et al. 
1985). In tomato, five loci have been identified and these contain a 
minimum of eight possible Cab genes based on segregation of RFs 
(Vallejos et al. 1986). Two major loci {Cab-1 and Cab-3) were estimated 
to contain three and two copies and one copy each at the remaining loci. 
The probe p3B4 detected complex RFLP patterns on S. rapa DNA and 
signal intensities of various detectable bands varied to some extent. In 
order to discriminate between sequence or copy number differences among 
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particular loci cloned fragments representing 'locus-specific' probes 
would be required. Such probes have been generated for the tomato Cab-1 
and Cah-3 (Pichersky et al. 1985) and Cab-4 and Cab-5 loci (Pichersky et 
al. 1987a). Although it appears that there are more Cab-related loci in 
B. rapa than in tomato (minimum of 12 versus five, respectively), actual 
gene copy number may be more similar, since the copies are dispersed in 
B, rapa but clustered in tomato. In other species it seems that Cab 
genes are also preferably clustered and it has been proposed (Polans et 
al. 1985) that clustering of genes and gene faimilies might indicate some 
regulatory strategy. Coordinated gene expression has been expected for 
this type of gene organization and the clustering has been observed also 
for the other light-regulated multigene family (rbcS) encoding ribulose 
1,5-bisphosphate carboxylase. In addition, clustering of genes could 
also reflect recent gene duplications where rearrangements have not yet 
occurred. 
Arrangement of gene related sequences that has been identified 
through linkage analysis does not necessarily indicate actively 
transcribed sequences. It remains unclear if all detected copies provide 
functional genes and/or are similarly expressed. In soybean (Walling et 
al. 1988) it has been demonstrated with sequence data of clustered Cab 
genes that one copy had two deletions and is actually a pseudogene. In 
tomato (Pichersky et al 1987b, Pichersky et al. 1989) it has been shown 
through gene expression studies that some genes at particular loci are 
preferentially transcribed in specific tissues. Thus, the significance 
of a distinct organization of multigene families in plants as related to 
their efficient photosynthetic activity remains unknown. 
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Ribosomal RNA cistrones (18S-5.8S-26S) are encoded in eukaryotic 
genomes in the ribosomal DNA (rDNA) genes which are arranged in tandem 
arrays of hundreds to several thousands of repeated gene copies (Appels 
et al. 1980). These tandem arrays form the nucleolar organizer regions 
of chromosomes and can be seen as secondary constrictions. A single rDNA 
gene or repeat unit in plant species is approximately seven to 13 Kb 
long and coding regions of the three subunits are separated by short 
non-coding spacer sequences (reviewed in Ellis et al. 1989). Individual 
repeats are connected by a non-transcribed sequences known as the large 
intergenic spacer regions. These spacers are highly variable in length 
and sequence composition among genera, species and even at the cultivar 
level (Appels and Dvorak 1982). In contrast, the coding region in the 
repeat is highly conserved among eukarypotes and subsequently the large 
tandem arrays effect relatively homogeneous segments on a chromosome. 
The major ribosomal RNA genes are organized in B. rapa in at least 
one locus that has been mapped to linkage group 2. Polymorphism of 
detected RFs between the parental accessions was ascribed to possible 
length variation in the large non-transcribed intergenic spacer region. 
Single RFs were detected for each parental accession on various enzymes. 
Polymorphic bands were of high molecular weight which suggested that 
detected RFs represented one repeat unit for each accession. Since RFLPs 
reflect length differences of RFs related to the probed sequences and it 
is known that the actual coding region in each rDNA repeat unit is 
highly conserved among plant species, it was concluded that observed 
polymorphism was most likely due to length differences of the variable 
spacer region. One repeat unit was estimated to span over approximately 
nine to 10 Kb and length differences between the parental accessions 
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were estimated to be in the range of one Kb. An additional locus might 
be present in B, rapa which was indicated by additional monomorphic 
bands that could not be resolved with the common set of restriction 
enzymes emp1oyed. 
In B. napus and radish it has been shown that the large spacer is 
a highly diverged family of sequences (Tremousaygue et al. 1988). 
Especially the repeat sequences within the spacer region seemed to be 
species specific and these differences could distinguish different 
species and even B. napus cultivars. In several monocot species (Appels 
and Dvorak 1982) and also dicots like tomato (Perry and Palukaitis 1990) 
the spacer region also has been described to be species specific and the 
major differences are accounted by length variation of repeat elements 
in the spacer. In contrast, radish rDNA expresses barely any length 
variation either in the spacer or in the coding region. A certain level 
of sequence variation has been detected among repeat units within the 
spacer and also different methylation patterns on some variant classes 
have been observed (Ellis et al. 1989). In addition, variable short 
repeat units within the radish spacer have been shown to be completely 
diverged from repeat elements found in the wheat, rye and maize spacers. 
In Brassica rDNA genes were found to be extremely useful for 
characterizing hyperploid line (Quiros et al. 1987) which were generated 
to elucidate genome evolution in S. oleracea and B, rapa. Typical 
restriction patterns were observed for each species which allowed the 
assignment of additional chromosomes to the donated species. Differences 
in restriction sites between corresponding RFs in the two diploid 
species suggested that possibly more than one rDNA locus is present in 
Brassica. In tomato, a single ribosomal locus has been described 
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(Vallejos et al. 1986) and in pepper locus number varies among species 
(Tanksley et al. 1988). Since monomorphic bands can not genetically be 
assigned to the mapped locus on linkage group 2, it might be possible to 
determine if they belong to a separate locus by in situ hybridization of 
the probe to chromosome preparations. This has been demonstrated in 
tomato and pepper species (Tanksley et al. 1988) as a useful technique 
for mapping loci which occupy large chromosomal segments to specific 
chromosomes. 
Duplicated loci were observed with most of the genomic and cDNA 
clones and particularly with sequences representing multigene families 
in B. rapa. In fact, it was remarkable to recognize with the limited 
data set of 52 linked markers such an array of duplicated loci. 
Homologous loci detected by each clone showed no clustering or tandem 
arrangement. Moreover it appeared to be a rule that all duplicated loci 
were dispersed on different linkage groups and that the dispersal of 
individual loci was not at random. Duplicated pairs of loci were most 
prominent and possibly due to the small size of particular linkage 
groups. In addition, duplicated blocks of several linked loci were found 
but those were disrupted by intervening loci. This indicates that 
rearrangement in the order of loci must have occurred. Evidences have 
been raised that chromosome duplications and rearrangements of 
duplicated loci reflect an important characteristic of the B. rapa 
genome. Studies on isozyme loci within the genus Brassica (Quiros 1987, 
Quiros et al. 1987, Chen et al. 1989) revealed that duplicated loci in 
several diploid species of variable basic chromosome number were 
present. These indications were in support of the hypothesis that 
Brassica species are secondary polyploids derived from an unknown 
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ancestral species with six basic chromosomes. This has been proposed 
earlier by Roebbelen (1960) on the basis of secondary chromosome pairing 
observed during meiosis in the diploid Brasslca species. This suggested 
that the basic chromosome complement of diploids consist of six 
morphologically different chromosomes of which some are present in 
duplicates or triplicates. In addition it was recognized that some 
chromosomes during the secondary pairing were able to switch partners. 
It was concluded that these chromosomes must have undergone structural 
alterations and rearrangements. Karyotyping of B. rapa chromosomes 
(Viinikka and Sovero 1988) have also demonstrated structural differences 
among chromosomes that had been ascribed to one type. Recently this has 
been confirmed with molecular RFLP markers that have been extensively 
mapped in B. oleracea. No linkage group was determined where all pairs 
of linked markers were entirely duplicated on an other linkage group. 
Moreover it appeared that extensive genome duplications were accompanied 
by additional chromosome restructuring. Therefore it was inferred that 
it is difficult to determine if B, oleracea has evolved from a 
progenitor with a lower basic chromosome number. In several other 
species like tomato, rice, potato or lettuce (Bernatzky and Tanksley 
1986a, McCouch et al. 1988, Bornierbale et al. 1988, Landry et al. 
1987), duplicated sequences have been identified through RFLP mapping 
but on a smaller scale than those observed in B. oleracea or fl. rapa. In 
maize (Helentjaris et al. 1988) duplicated sequences have been found to 
a considerable amount and, as in Brasslca, secondary polyploidization 
during the speciation of maize has been proposed. 
Genetic mechanisms such as unequal crossing over, translocation, 
transposition and reverse transcription with re-insertion would result 
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in different types of duplicated chromosome segments in plants (reviewed 
in Pichersky et al. 1990). In the present study the array of 
duplications that have been described in the B. rapa genome was 
extraordinary with regard to the limited number of investigated markers. 
However, no definite conclusions can be made so far about the mode of 
apparent rearrangements or the extent of duplications present in the B. 
rapa genome without additional markers. 
C. Segregation Deviation in B. rava 
Five loci that have been analyzed on the F2 mapping population 
deviated significantly from the expected Mendelian segregation ratio. 
Skewing occurred on all loci unidirectionally in favor of the BA 17 
parental allele. Four loci mapped to one discrete linkage group and 
skewing of these markers were highly significant (p < 0.01). The other 
locus {BG7A) mapped to a separate linkage group and skewing was less 
stringent (p = 0.04). This set of deviating markers were further 
analyzed for aberrant segregation ratios on two additional Fj 
populations and one backcross (BC). In the BC segregating loci were 
consistent with the predicted Mendelian rules for allele transmission. 
No skewing was observed for markers in the BC population which was 
developed from the same F, hybrid as the mapping population. All 
previously skewed markers were estimated to be completely linked in the 
BC which was striking, since genetic distances were observed among them 
on the mapping population. This may reflect the smaller size of the BC 
population as compared to the mapping population. Significant deviations 
of loci that were skewing in the mapping population were also observed 
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in the additional Fj populations. The direction in which alleles were 
preferentially favored were consistent for the original mapping 
population and the additional Fj population which were both developed 
through the scune pollination technique. This indicated that the observed 
aberrant segregation of particular loci was reproducible and that these 
loci span chromosomal regions in the B. rapa genome which are prone to 
genetic instabilities leading to deviant segregation ratios. The 
observation of unidirectional favoring of BA 17 alleles suggested that 
possibly homozygous or even heterozygous genotype configurations of 
theses alleles conferred a certain genetic balance to the segregating 
offspring. In this regard, it appeared that the BA 4 alleles would have 
been to some extent not competitive with the BA 17 alleles (suggesting 
possible pollen selection), or would have had some detrimental impact on 
the genotype penetration in the offspring (like post-zygotic selection). 
On the other hand, it was interesting to note that the pollination 
techniques employed in developing the different Fj populations may have 
been an important factor. There was apparently less severe or no skewing 
for loci segregating in the naturally self-pollinated Fj population than 
for those in the two bud self-pollinated Fj populations. This suggested 
that artificial pollination in the bud stage could have triggered a 
differential perception mechanism in the female gametophyte as a kind of 
stress response. It has been demonstrated in wild radish populations 
(Ellstrand and Devlin 1989) that under environmental stress conditions 
higher frequencies of deviated segregation ratios can be induced. 
However, no particular allele source was favored in the wild radish 
study, indicating that deviating loci occur more or less at random and 
that post zygotic selection accounted for some disturbances. Deviation 
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from the expected Mendelian ratio can be effected by various selection 
mechanism at different stages in the life cycle of plants (Grant 1975): 
1) during the formation of gametes in meiosis, 2) at pollination and 
fsi^tilization, 3) during embryo development and seed formation, and 
finally 4) at seed germination and plant growth. 
During the course of generating RFLP linkage maps in plants it 
appears that skewed segregation of molecular markers are a common 
characteristic of plant genomes across different species and genera 
(Zamir and Tadmor 1986). In the diploid potato (Bornierbale et al. 1988) 
a segregating BC from an interspecific cross including three different 
Solarium sp., skewed segregation was observed at 32 of 134 investigated 
loci (28%). These loci were clustered on parts of five different linkage 
groups. A similar high percentage of RFLP loci deviating from the 
expected ratio were observed also in a BC of derived diploid potato 
(Gebhardt et al. 1989) but this segregating population was developed 
from an intraspecific cross of Solarium tuberosum lines. Skewed 
segregation of RFLP loci has been reported also in tomato, rice and B. 
oleracea (Bernatzky and Tanksley 1986d, McCouch et al. 1988, Slocum et 
al. 1990). The number of deviating loci were variable among the 
different species with regard to the total number of loci mapped, but 
for B, oleracea it appeared to be overall lower (11 out of 258 
investigated loci). In rice and B, oleracea the mapping populations have 
been developed from crosses between races of rice lines and from an 
intersubspecies cross, respectively. Skewed loci were clustered on both 
maps preferentially on two different linkage group segments but 
additional deviating loci were found to be dispersed on other linkage 
groups. In B, oleracea, the most extended region of deviating loci span 
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a region of approximately 20 cM. In a comparative study of tomato, 
pepper and lentil it has been demonstrated (Zcimir and Tadmor 1986) that 
skewed segregation detected with isozyme markers are much more frequent 
in Fj populations from interspecific crosses than those from 
intraspecific crosses. More than 50% of the investigated isozyme loci 
were deviating significantly among the three genera. Interestingly, BC 
progeny from interspecific crosses expressed less skewing than those of 
Fj populations. It was argued that BC populations might be more balanced 
(possibly due to the higher degree of homozygosity) at loci that are 
important for the regulation of various reproductive phases in the plant 
life cycle. Unidirectional deviation in segregating Fj populations would 
also indicate that one donated parental genome is possibly capable of 
maintaining its integrity through specific elimination of unbearable 
genotypes (Zamir and Tadmor 1986). Considering the observations in B. 
rapa this could mean that BA 17 alleles might govern such mechanisms or 
functions that are superior over BA 4 alleles. The BA 4 parent is a 
rapid-cycling type which has been selected for several generations for 
extreme phenotypes like small plant size and fast life cycle (Williams 
and Hill 1986). This could have resulted in a genome constitution that 
has accumulated more unbalanced loci. In contrast, accession BA 17 has 
been bred to be a highly productive oilseed cultivar with superior 
characters like vigor and endosperm quality which could have resulted in 
a more favorable allele composition. These differences might provide 
some indications of underlying genetic causes effecting the observed 
segregation deviations. The various aspects gained from the presented 
study on skewed segregation in B. rapa advocates that most likely 
several factors and their interactions are relevant. Further 
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investigations are required to specifically localize the time phase and 
reaction site at which genotype selection occurs that can lead to 
deviating segregation ratios. 
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